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ABSTRACT The specific binding of angiotensin II and
des-As '-angiotensin II ("angiotensin III") to rat adrenals was
studied with the use of the tritiated peptides. The binding sites
having maximal affinity for angiotensin II were characterized
by an equilibrium dissociation constant of 3.3 to 5.2 X l0-9 M.
Angiotensin III was able to interact with these sites, and also
with a class of sites with very high affinity, characterized by an
equilibrium dissociation constant of 1 to 2 X 10-10 M. These
sites exhibited a greater affinity for the heptapeptide angio-
tensin III than for the octapeptide angiotensin II. These find-
ings, together with the known potent aldosterone stimulating
effect of angiotensin III and its presence in rat plasma, suggest
that this heptapeptide could be the physiologically important
steroidogenic angiotensin in this species.

Angiotensin II-(2-8)-heptapeptide (des-Aspl-angiotensin II or

"angiotensin III") is a naturally occurring product of the
renin-angiotensin system. It has been believed that angiotensin
III may be derived from angiotensin II by the action of ami-
nopeptidase A (1). Recent series have proposed that angiotensin
III could also originate from the action of converting enzyme
on the nonapeptide, des-Aspl-angiotensin 1 (2, 3). In vfvo (4-)
and in vitro (7, 8) studies have indicated that angiotensin III
is at least as potent as angiotensin II in stimulating aldosterone
biosynthesis. In addition, studies performed with competitive
inhibitors, obtained by substitution of the COOH-terminal Phe8
of angiotensin II and III with aliphatic amino acids (e.g., lie),
have suggested that angiotensin III could be the compound
ultimately responsible for angiotensin-mediated aldosterone
production. [Sarl, Ala8]angiotensin II and [Sarl, 11e8]angiotensin
II, which markedly inhibit the pressor effect of angiotensin II,
have less antagonistic action on the steroidogenic effect of the
hormone (9, 10); conversely, the angiotensin III antagonist,
des-Aspl-[Ile8]angiotensin II, is a potent inhibitor of the ste-
roidogenic action of both angiotensin III and angiotensin II

(11-13). These studies, using 8-substituted derivatives as probes
of optimal structure-activity relationships, suggest that the
octapeptide is required at the level of vascular receptors,
whereas the COOH-terminal heptapeptide could be the active
structure in the adrenal cortex. Our previous studies (14, 15)
on hormone-receptor interaction demonstrated that the pres-

ence of a chain-length of eight amino acid residues of angio-
tensin II is indeed necessary for an optimal binding to smooth
muscle receptors. However, [Sarl]angiotensin II, which is not
readily degraded by plasma aminopeptidases, has been reported
to have superior steroidogenic potency than angiotensin II or

angiotensin III; thus, the necessity for biological transformation
of the octapeptide angiotensin II into the heptapeptide angio-
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tensin III in the adrenals has been questioned. The present study
was undertaken to seek an unequivocal answer to this question
by demonstrating the presence of specific receptors for an-
giotensin III in the rat adrenals.

MATERIALS AND METHODS
Angiotensin II ([Asp', 11e5]angiotensin II) and angiotensin III
(des-Aspl-[Ile5]angiotensin II) were tritiated by catalytic sub-
stitution of iodinated peptides (16) and their purity was assessed
by thin-layer chromatography. The specific activity of angio-
tensin II was 45.6 Ci/mmol. Two batches of [3H]angiotensin
III of 22.3 and 30 Ci/mmol were used. Peptide analogues were
synthesized at the Research Division of the Cleveland Clinic,
Cleveland, OH. Experiments were performed on particulate
fractions of adrenal tissue prepared from Wistar rats by dif-
ferential centrifugation between 3000 and 30,000 X g (17). The
binding of tritiated angiotensin to adrenal particulate fractions
was studied within 4 hr of their preparation in a volume of 500
Al or 1 ml of incubation medium (100 mM KCI/5 mM
MgCl2/10mM histidine at pH 6.8). Careful attention was paid
to the quantity of protein per sample in order to fulfil the cri-
terion for precise determination of hormone-receptor inter-
actions of high affinity (18). Incubations were performed in the
presence of 80-150 Ag of protein at 29°. Membrane-bound and
free radioactivity were separated on Millipore filters HAWP
0.45 Am. Specifically protein-bound radioactivity was consid-
ered as the difference between that bound in the absence and
that bound in the presence of unlabeled peptide. All estimations
were preformed in triplicate, and membrane-bound radioac-
tivity was counted for 50 min to ensure more precision when
tritiated peptides were used at low concentrations. As an ex-
ample, under usual conditions with [3H]angiotensin III, 7 X
10-11 M, total bound radioactivity was of the order of 2000
counts; nonspecifically bound radioactivity was 300-400 counts.
The concentration of protein in the incubation medium was
determined by the method of Lowry et al. (19).

RESULTS AND DISCUSSION
The time-courses of [3Hjangiotensin II and [3H]angiotensin III
binding to the rat adrenal particulate fraction were studied at
290 using initial concentrations ranging from 3 X 10-1" M to
5 X 10-9 M. Specific binding of [3H]angiotensin II and [3H]-
angiotensin III reached equilibrium at 30 and 45 min, respec-
tively, for the lowest concentrations. Equilibrium conditions
were maintained for at least 60 min. This suggested no marked
inactivation of ligands or loss of binding sites, confirming our
earlier observations (17). Dissociation kinetics of [3H]angiotensin
II and [3H]angiotensin III were studied by the addition of un-
labeled ligands in excess to membranes equilibrated with tri-
tiated peptides. Kinetic constant, calculated assuming a second
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Table 1. Kinetic and equilibrium binding parameters of
[3H]angiotensins and their high affinity binding sites

[3H]Angiotensin III

High Low
affinity affinity [3H]Angiotensin

Parameter sites sites II*

Association rate constant
(105 M-l sec-1

From association
studies 75 (4)t 6.6 (6)

Dissociation rate constant
(10-4 sec-1)

From association
studies 7.6 (4) 22 (6)

From dissociation
studies 4.0 (1) 28 (3)

Equilibrium dissociation
constant

(10-10 M)
From k-1/ki 0.5-1.0 35 (26)
From Scatchard plots 1.5 (6) 46 (6) 52 (26)

* From ref. 17.
t Parentheses: number of determinations from which the value given
has been obtained.

order rate reaction for association and a pseudo-first order rate
reaction for dissociation, are indicated in Table 1.
The concentration dependence of angiotensin binding was

studied over initial peptide concentrations ranging from 3 X
10-11 to 1 X 10-8 M. Scatchard plots (20) of data from binding
studies performed at equilibrium with [3H]angiotensin III and
[3H]angiotensin II are shown in Fig. 1. Between these concen-
trations angiotensin III binds to two classes of binding sites. The
higher affinity binding sites were characterized by an apparent
kd of 1.5 X 10-10 M and a binding capacity of 1.2 X 10-13
mol/mg of protein. The lower affinity binding sites had an
apparent kd of 3.6 X 10-9 M and a binding capacity of 8.4 X
10-13 mol/mg. On the other hand, [3H]angiotensin II at con-
centrations ranging from 3 X 10-11 to 1 X 10-8 M bound to a
single class of sites (kd at 290, 3.5 X 10-9 M; binding capacity,
8.2 X 10-13 mol/mg). At concentrations higher than 2 X 10-8
M another class of binding sites of low affinity was observed
(Fig. 1 inset). In spite of careful investigation at low concen-
trations of ligand it was not possible to identify angiotensin II
binding sites of very high affinity.
The similarity of the binding characteristics of [3H]angio-

tensin II and [3H1angiotensin III to its low affinity sites suggested
that these two ligands may bind to the same receptor. To test
this possibility, the influence of angiotensin II on [3H]angio-
tensin III binding was examined in a concentration dependence
study of [3H]angiotensin III binding performed in the presence
and absence of a 20-fold concentration of unlabeled angiotensin
II. Scatchard analysis of data showed a total suppression of the
[3Hlangiotensin III sites of lower affinity but a failure of an-
giotensin II to suppress binding to the high affinity sites of
angiotensin III.

Specificity of the binding of [3H]angiotensin was studied by
the binding inhibition induced by increasing concentrations
of unlabeled angiotensin derivatives, a reflection of their re-
spective affinities for the binding sites. To investigate the an-
giotensin III high affinity sites with only minimal influence
from the other class, we limited the concentrations of competing
ligands. The potencies of angiotensin derivatives competing
for the [3H]angiotensin sites are shown in Fig. 2. For the [3H]-
angiotensin III high affinity sites the order of potency was:

B/F

B, X 1011 M

FIG. 1. Scatchard plots of binding data of (-) [3Hlangiotensin
III and (A) [3Hjangiotensin II to rat adrenal particulate fraction de-
rived from five separate experiments where binding of both peptides
to the same prepared fraction was studied. Concentrations of tritiated
angiotensins ranged from 5 X 10-11 to 1 X 10-9 M. [3H]Angiotensin
III demonstrated a curvilinear plot, while [3Hjangiotensin II showed
a single class of binding sites. The slopes of the linear regression of
data in the low concentration region for binding of [3H]angiotensin
III and that for [3H]angiotensin II binding were significantly different
(P < 0.05). (Inset) Similar examination of [3H1angiotensin II binding
across a greater range of ligand concentrations (1 X 10-10 to 5 X 10-7
M). [3H]Angiotensin II bound to two saturable classes of sites with
kd values of 2.8 X 10-9 M and 2.5 X 10-8 M. B, bound; F, free.

angiotensin III > des-Aspl-[Ile8]angiotensin II > [Sar', Ile8]
angiotensin II> angiotensin II (Fig. 2A); for the [3H]angiotensin
II sites: angiotensin II > [Sar', Ile8]angiotensin II > des-Asp'-
[Ile8]angiotensin II > angiotensin III (Fig. 2B). The potent in-
hibitory effect of [Sar', Ile8]angiotensin II for the angiotensin
II sites is in agreement with our observations of an apparent kd
value of 5.1 X 10-9 M for binding on these membranes (mea-
sured directly with the tritiated analog), a value extremely close
to that of angiotensin II (21). The binding inhibition induced
by angiotensin II or angiotensin III on the low affinity [3H]-
angiotensin III sites was similar to that on the [3H]angiotensin
II sites (Fig. 2C), indicating that specificity was independent
of the radioactive angiotensin used.

Scatchard plots demonstrating two classes of binding sites,
as seen in the preparation with angiotensin III, have sometimes
been considered to represent negative cooperativity (22). Simple
negative cooperativity is an unlikely interpretation of the
present study because of the marked change in specificity.
The present data have demonstrated the existence of two

distinct receptor sites in this rat adrenal particulate fraction,
one for angiotensin III, the other for angiotensin II. The dis-
tinction is substantiated by prominent differences in the af-
finities and number of binding sites of each group of sites, as
well as the different specificities. The former exhibit affinity
for a specific structure resulting from the removal of the
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FIG. 2. Specificity of [3H]angiotensin III and [3H]angiotensin II binding to rat adrenals. *, Angiotensin III; A, angiotensin II; 3, des-Aspl-
[Ile8]angiotensin II; 0, [Sarl, Ile8jangiotensin II. (A) High affinity sites. Adrenal particulate fraction protein was incubated with 1.0 X 10-10
M [3H]angiotensin III in the presence of 0, 0.5, 1.0, and 2.0 X 10-10M unlabeled angiotensin peptides. The angiotensin III binding sites showed
greater affinity for the heptapeptide structure than for the octapeptide configuration. (B) Similar procedure to A using 1.7 X 10-9M [3H]an-
giotensin II and 0, 1, 2, and 4 X 10-9 Munlabeled peptides. The affinities of the octapeptides and des-Aspl-[Ile8]angiotensin II were approximately
the same, whereas angiotensin III showed a lower affinity for this receptor. (C) Study of [3H]angiotensin III low affinity sites using 1.2 X 10-9
M [3H]angiotensin III. Better inhibition of binding was obtained with angiotensin II competition than with angiotensin III.

NH2-terminal aspartic acid residue of the angiotensin octa-
peptide. The latter are essentially stereocomplements for the
COOH-terminal end of the peptide, as shown previously (17),
and are thus able to interact with both the octapeptide and the
2-8 heptapeptide fragment of angiotensin II. The efficiency
of des-Aspl-[Ile8]angiotensin II in displacing both labeled li-
gands well could be related to a conformation with high flexi-
bility. It agrees with its pharmacologically potent antagonism
of angiotensin III- and angiotensin 11-mediated aldosterone
biosynthesis (11-13). The suppression of the low affinity group
of sites by the octapeptide, leaving evidence only of the high
affinity angiotensin III sites, further supports the independence
of the two groups of sites. The identity of the angiotensin III low
affinity sites and the angiotensin II sites is supported by their
similarity in binding capacity and the strict specificity (higher
affinity) in favor of the octapeptide structure. However, there
is an apparent contradiction in that the similarity of kd values
does not fit with the preferential affinity for the octapeptide
structure observed in binding inhibition studies. This is ex-
plained by the contribution of the high affinity [3H]angiotensin
III binding sites which leads to over-estimation of the affinity
of [3H]angiotensin III for its second class of sites.
The demonstration of angiotensin III binding sites in a par-

ticulate fraction enriched in plasma membranes (17) suggests
that they may be located in this subcellular fraction in a similar
fashion to the binding sites for angiotensin II in various target
organs (15, 17, 23, 24). This does not exclude, however, the
possibility of intracellular binding structures, as proposed
previously (1, 25).

Plasma concentrations of angiotensin II and angiotensin III
in the rat have been measured by radioimmunoassay of sepa-
rated peptides (26). The concentrations were found to range
between 10-11 and 10-10 M, the concentration of angiotensin

III being twice that of angiotensin II. From the [3H]angiotensin
II kd values of the present investigation, one may predict that
at this plasma concentration the degree of occupancy of the
angiotensin II receptors must be very low. On the other hand,
angiotensin III can fully react with its high affinity receptor
sites. This indicates that angiotensin-induced aldosterone se-
cretion in the rat is probably regulated by circulating angio-
tensin III via its specific high affinity receptor. Pharmacological
observations using angiotensin competitors have suggested that
angiotensin III is an active component of the renin-angiotensin
system in the adrenal of several species (4-6). Its biological role
will be better defined by the wider identification of angiotensin
III receptors and the study of the local concentration of li-
gands.

This study, demonstrating specific receptors for angiotensin
III distinct from those of angiotensin II, raises the question of
the significance of the angiotensin II binding sites. They may
represent a complementary pathway for stimulation of aldo-
sterone production in times of excessive stimulation of the
renin-angiotensin system or, alternatively, they could be the
receptors for angiotensin II produced locally by the adrenal
isorenin-angiotensin system (27). The coexistence of receptors
for angiotensin II and angiotensin III in the adrenal could ex-
plain the variability in responses seen with angiotensins II and
III under different experimental conditions.
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