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1. Introduction

The presence on the isolated frog skin epithelium
of two categories of [311Joxytocin bindw:g sites with
different affinitics and maximum capacities has al-
rezdy been demonstrated [1]. 1t was shown that the
nigh affinity binding sites (apparent K,,, = 3.0 X109 M)
are probably involved in the initiation of the biological
response (increase in sodium transport and water per-
meability). The low affinity binding sites (apparent
K, = 5.0 X10~3 M) have a capagity 12 times kigher
but their eventual physiological role has still to be
determined.

It scems very likely (e.g. see [2—4]) that both the
biological erfects of neurohypophysial peptides on
amphibian skir and bladder epithelial cclls are mediated
through an Increase In cyclic adeaosme 3-3" mono-

phosphate (cyclic AMP) cell cortent.

~The active hormonal ¢oncentrations on amphibian
skin and bladder epithelial cells are very similar. Oxy-
tocin stimulates the adenylate cyclase activity present
in particulate fractions of frog or toad bladder epi-
thelial cell homogenates [S—7]. However, the dose of
oxytocin giving half maximum hormcal stimulation
of adenylate cyclase (1.5 X107 M) is wuity times
higher thml the concentration elicmng 2 half-maximum
response in the intact structure (3.0 X 10-% M) [1].

In order to decide if the receptors involved in

adenylste cyclase activation correspond or not to the
high affinity receptor sites detected on the intact

fructure, the birding of [*Hjoxytocin to the broken
cell preparation was studied. 1t was found that both
Mﬂl ‘and low affinity hlndmg sites are present, but -
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only the high affinity sites are involved in adenylate
cyclasz2 activation.
It is suggested that these two categories of sites

correspond to those detected on the iniact structure
and that tissue homogenization and purification are

responsible for the loss in affinily abserved.

n addition the effects of calcium ions on the
receptor—cyclase systent were reexamined. Previous
experiments [5] have shown that very low calciun
concenttrations (10— M to 10— M) are required for
hormanal stimulation, and that higher concentrations,
from 105 to 10—3 M, reduce the maximum activation
without changing the apparent affinity for the hor-
mone. Two alternative explanations were given: cither
Ca?* iuns could act by reducing the tota: number of

accessible receptor sites, or it might reduce the effec-
tiveness of the receptor—cyclase coupling. It is shown

in this paper that calciom acts at the coupling step.

2. Matcrials and methods

2.1. Materials

Oxy+tocin (Oxy.) chlorhydrate (374 1U/mg) and
lysine vasopressin (L.V.P.) chlorhydrate (285 1U/mg)
were kindly donated by Dz. Boissonnas of Sandoz,
[a-3ZP] ATP (sodium salt, 880 to 1027 mCi per mmolc)
stored at —25° in 50% ethanol was purchased from
the Commissariat 3 I'Energic Atomique (Saclay France).
The J*H]oxytocin used was labelled by Pradelles et al.

as previously described [8]. Tts specific radioactivity
was 24 Cifmmole and its radiochemical and biological
purity was 100% f1}.
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._.+. Particulate fmcﬁ(ms of uiolated frog bladder . ep:- g
thehal cells were prepmd using the Iechniqun pm\dous»

ly dest;n'bed [5]- anyme | demgnates enzyme preparedi

in 5 mM emylenedmnune tetraacetic acid (EUI‘M
and 25 mM Tris-HCI, pH 8..

- Enzyme 1} is enzyme L treated wlth 20 mM ethylene -

glycol bis (beta- &:runoethyl ether)-V-N' tetrnacetlc
acid (EGTA) aud extensively washed in 25 mM Tris-
HCI, pH 8. Adenylate cyclase activity was assayed
using the method the auihors reported earlier {5]. The

cyclic AMP was separated using the technique destribed

by Ramachandran et al. [9).

Binding reaction was carried oul in an incubation
medium identical to that used for adenylate cyclase
assay, Under standard conditions the incubation

medium contained 100 mM Tris-HCl pH 8, 10 mM
MgCly, 0.25 mM ATP, | M cyclic AMP, and 50 to

120 ug of enzyme in a total volume of 100 pl. (1denti-
cal results were obtained with or without an ATP
regenerating system.) Two techniques were used to
separate bound [*H]oxytocin from free labelled hor-
mane,

2.2.1. Separation by centrifugation

75 pl aliquotes of the incubation medium were
carefully layered on 350 gl of a solution containing
36% sucrose (w/v), 5% bovine serum albumin (w/v),
100 mM Tris-HCI pH 8, and {0 mM MgCl,, contained
in plastic microtest tubes at 0°. The tubes were ir-
mediately centrifugated at 22,000 g in a Wilug cen-
trifuge For 5 min at 4°. The tubes were then frozen in
liquid nitrogen, the bottom of each tube, containing
the particulate fraction, was cut, solubilized in soluene
(0.5 ml) at 60° for 20 min and counted in 8 ml of
Bray's scintillation medium [10]. Control samples
without enzyme were treated in exacily the same way.
The radioactivily present in these controls was the
same whatever the [3H}oxytocin concentration used
and represented 0.038% of the total radioactivity con-
tained in the tube when [*H]oxylocin was used at a
concentration of 107 M. :

2.2.2. Separation by filtzation through Millipore filter
EAWP 0.45 pm
Twe ml of a cold solution containing 0.25 mM ATP,
I mM cyclic AMP, 10 mM MgCl, and 100 mM Tris-.

HCI pH 8 {solution A) were added to cach sample. The
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Fig. 1. Time-course of tha association of [?H]oxytocin with
its high aftinity receptors; roversibility of binding. Enzyme

C (92 g proiein} was [ncubated in a (inal volume of 100 ul in

tie presence of [(*H|oxytoein {2.5 X 10~ 7 M}. Oxytocir
binding was measured as g function of time using the Millipore
technique as Indicaled under Methods (see association curve,
left part). To test binding reversibility the enzyme was fird
incubated for 15 min at 30° In the presence of [ ¥H Joxytacin
(2.5 X 10~? M). The hormonal concentration in the incubatios

medium was then lowered to 1.2%3 X 10~® M by dilution with
an Incubatdon medium contrining no hormone (sol. A, ¥

Methorls). Residual binding was measured as a Tunclion of time
after dilutlon {see dissociation curve, right part). In a different
sertes of samples {(8), the diluting medium contained dithio-
thrvilol {10~2 M). The k and k3 association and dissociation
constants were determined from the remBPogarithmic plots
shown in the lower part of the figure assuming i} that Ibe

binding proceas corresponds to the equilibrium: H +R -; RH,

Inwhich H, R, and RH are, respectivoly, free hormonae, frec
seveptor, and the hormone receptor complex; i) that the {ree
hormone concentration Is constant (the amount of bound
hormone at equilibrium is negligible in relation to tha total
amount present In the incubation mediom). The associnlion -
and dissociation time-courses are rendered by cguation: 1 and
2 respectively: (1) 1oge [RHeq] A {RHeq] ~[RH]) = ¢k [H] ¢
k)1, (2) log, [RH]/[RHeg] = —k2t with [RHeq] = concen
tration of hormone receplor complex at equilibpium. For the
somilogarithmic transformation of the dissociation curv: ooly
the rapidly revorsible component was considered.
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total volume was filtered through a”.(illipore filter
pravioutly washed with 5 ml of .F-f‘g;ld solution con-
wining 10 mM MgCl,, 100 mM Tris HCl pH 8, 0.1%
povine serum albumin (w/v). The filter was then washed
three timies with 10 ml of this same solution. The value
of the control samples without enzyme was proportional
to the [?H]oxytocin concentration (0.07% of the
radioactivity filtered).

These two methods of binding assay gave the same
results. Oxytocin bidding was expressed in pmoles
[PH]oxytocin bound per mg protein. Each value is the
mean of two separate experimental data. Protein was
delermined according to Lowry [11] using bovine
serum albumin as standard. :

3. Results amd discussion

The binding of [3H]oxytocin to particmae fractions
of frog bladder epithelial cells was linear with the
enzyme conceniration in the medium and was a rapid
process saturable with time. At 2.5 X 107 M of labelled
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bhoomoae an equilibrinm state was reached within

10 min at 30° (fig. 1). At 0° and for the same hormonal
concentration the equilibrium value was unchanged.
However, the half time for assoctation increased to 17
min at 0°, instead of 1 min at 30°. The inleraction
between [3H|oxytocin and its receptors was a partially
reversible process (fig. | right part). About 40% of the
bound hormone was not rcleased by reducing the
hormonal concentration to a subthreshold value. The
remaining bound radioactivity might correspond to
[3H]oxytocin covalently bound through disulfide
bridges gince 95% of the irreversibly bound hormone
was released in the presence of 102 M dithiothreitol.
Such covalent binding of [IH]oxylocin was erlier
ohserved on intact frog skin epithelial cells [1]. There
is no cxperimenial evidence suxpesting that this binding
could be involved in the biological response.

Two categories of binding sites were detected in
broken cell preparations (fig. 2, left part); these sites
had different affinities for oxytocin and different
maxinim capacities. Saturation of the second category
of binding sites could not be ohtained with [3H]oxy-
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Fi.2. [’H]Oﬁcﬂucln binding as a function of hormanal concentration. Binding was measured after 5 min incubation at I asa

function of [*H Joxytocin coucentration using the centrifugation technique (see Methads). Enzyme concentration was 1.08 mg/fml.
Notc-the presmee of a saturation platesu between 7.0 to 15.0 X 10~ 7 M on the experimental binding curve (lefL part.) The expen-
mental cugve can be adequately described by a cooperative binding of [*H]oxytocin to 2 categories of bindlug sites (1 and 2) with
different affinitios (K y;, and Km,) and maximum capacities (RT, and RT3):
W= RT, x ——0 Lk "
. co- 1
, Ky, +H

[TLT

+ RIg % ——
Kmy * T

Tha teorotical curve {nght part} was onnstructed using the following parameters: Ky, /Kpy, = 40, RT3/RT;=30,n; =2, ny =4,
H varded from 0.1 to 30 X, (oxplanatiuns in the text).
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Fig. 3. Competition for hindm;g between [ H oxytocin and unlabolled oxyiodn or Iyxinc-vnsupmnin Bindjng was meazured afle
5 min Incubation at 30°. Enzyme concentration was 0.96 mg/ml. Each tubc vontained [*H|oxytocin (107 M) and increasing

amounts (0 1o 10~ M) of either unlabelled oxytocin (oxy) or '[vamu vasopressin {L.V.P.). All experimental values were corrected
for aon-specific binding (24% of binding nt 10 =7 M) and plotted a8 a function of uniabelled peptide conceniration {loft part). Tae
theatelical carve (right part) was calculated from the modasl prasented in the logend of fig. 2 using the samo set of parameters, the

{*H]oxyiocin concentration correspordds o 0.2 Ky, . Binding s expressed as % of binding when ne unlabelied peptide i added.

Adenyl cyclase activation (p moesBminirag!
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Fig. 4. Activation of frog bladder adenylate cyclase by oxy-
rocin and lysine vasopressin. Adenylatc cyclase activity was
assayed for § min at 307 as indicated under Methods in the
prosence: 1) of lncreasing amounts of either oxy tocin {oxy)
os lysine vasopressio (L. V.P.) uppet curves; 2) of a constant
amount of lytine vasapressin (5 X 16~ 5 M) plus lncroasing
amounts of oxytocin {lower curve, dotted line). Adcnylate
cy<lase activation (increase In activity over basul actlvity:

163 pmole cyclic AMP/5 min/mg) is plotted as 2 function of

peptide conocentration in the incubation medium. Solid line
in lower part of figure was oonstmcied mumlng that L.V.P.
and oxytocin compete for the snme receplors and uslng the
respective Kp,y values and maximal velocitios for oxy and
L_V.P., as deduced from the two uppor curves.
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tocin alone. Saturation was evident when {3H]oxy-
tocin binding is measured in the prescnce of increasng

amounts of unlabelled oxytocin.

The binding curves for both categories of hinding
sites are S shaped. Hill coefficients were 1.5 for the
high affinity and 4 for the low affinity sites, respect-
tively. . -

The ratio of the apparent K values for the two
categories of sites (K, /K,,, ) = 40; their maximum
capacity ratio (RTZ,’R'f' )= 30 Cooperativity was

‘also apparent when [3H]oxyt0cin binding at 10-7 M

(a concentration lower than K, ) was measured asa
function of the concentration ol‘ unlabelled oxytocin

or lysine vaopressin in the incubation medium (fig. 3}
Lysine vaopressin was able to compele with oxytocin
for binding. Competition between oxytocin and lysinc
vacopressin was also apparer:t from adenylate cyclase
experiments.

Thus as shown in fig. 4, lysine vasopreszsin stimulaed

) frog bladder cpithelial cell adenylate cyclase (appazent

wr 10—5 M), but maximum stimulation was four
Umes lower than that produced by oxytocin.
When ‘the responses to increasing amounts of oxy-
tocin were measiired in the presence of 10—5 M fysine

_vagapressin, the experimental curve was the same as the

theoretical curve calculated for pure competitive infet-
action of the two peplides on the same receptors.
Despite the fact that lysine vasspressu and oxytocin
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Fig. 5. Correlation between binding and adeaylate cyclase
activation. [*H]Oxytocin binding was meatured afier 5 min
incubation at 30° and expressed as % of the maximum capa-
dty of high affinity hinding sites (bindlng at 1075 M [*H]oxy:
0.53 pmoles/mg protein). Cyclase activity was assayed for

5 min at 30° as indicated under Mothods in the presence of
Incceasing amounts of either [YHJoxytocin or unlabelled oxy-
tocin. Activation due to hormone Is expressed a8 % maximum

activation. Basal activity was 140 pmoles cyclic AMP/5 min/mg
and maximum hoonone-sitmulsted sctivity, 637 pmoles cyclic

AMP/5 min/mg. Enzyme conc. was 0.98 mg/ml.

produced different maximum stinvulation of the
adenylate cyclase system, they were able to elicit the
same maximum response in the intact frog bladder.
This suggests the presence of spare receplors in the

Table 1
Effoct of calcium on [ *Ajoxytocin binding.

Ca?* added 131 ]Oxytocin bound
(M} - {pmoles/mg protein)
0 0.71
$x10-% 0.70
10~ . 0.77
1073 0.76
10-2 0.99

Emzyme II (0.96 mg/mil) was used and incubation carried out
in the presence of increasing Ca?* concentrations. Binding

was meatured, using the centrifugation technique, after 5 min
incubation at 30° In the presence of |*H)oxytacin: 2.2 10°7 M
(oon-maximum concentration for the high-affinity binding
fites).
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stricture in accordance with earlier observations

[6, 12, 13]. Estimation of the association and dissoci-
ation constants k| and k, for the binding sites coupled
10 the adenylate cyclase system gave the [ollowing
values (see fig. 1): &k, =7.2X10° M-! g*} min-! and
k3 = 0.18 min~! - The value of the raiio k, k| =

2.5 X 107 agrees with the A, values deduced either
from the binding curves or dase —response curves of
the adenylate cyclase system (see fig. 5).

It was not possible to detect binding sites on the
broken cell preparation with an afTinily as high as that
of the receptor sites present in the intact structure
and involved in the initiation of the biological
response. The most likely explanation for the differ-
ence observed between intact cells and the broken cell

preparation is that the homogenization procedure
detertorates the properties of the receptor und leads

10 a great loss in their apparent affinity for the hor-
mone. This loss is similar for both categories of bind-
ing sifes.

As previously discussed [5] traces of calcium are
necessary for stimulation of frog bladder adenylatg
cyclase by oxytocin whereas higher concentrations
(10-5 to 10-3 M) inhibit such stimulation.

1t was observed (table 1) that [H]oxytocin hinding
measured at a honnone concentration giving hall
saturation of adenylate cyclase was not modified
by increasing Ca** concentratian in the incubation
medimm from 0 to 10~3 M *his observation indicates
that the calcium effect is lorz:ed at the coupling step
and has no <onnection with the accessibility of the
hormosge 1o receptor sites.

An increase in the amount of bound [3H}oxytocin
was observed at 10—2 M Ca2*_ Similar results were
obtained by Cualrecasas on the case of the insulin
receptor of isolated fat celi membranes [14].
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