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SUMMARY
Binding sites for angiotensin II were found, in a line of Swiss 3T3
cells (designated as R3T3 cells), that were insensitive to Dup
753 and dithiothreitol yet were sensitive to PD 1 2331 9, making
them members of the AT2 class of angiotensin II binding sites.
These binding sites appeared not to be coupled to guanine
nucleotide-binding proteins, and affinity labeling experiments re-
vealed a specifically labeled protein with an apparent molecular
weight of about 100,000. Treatment of cells with angiotensin II
revealed no perturbation of common signaling pathways, includ-
ing stimulation of phosphatidylinositol turnover, effects on levels

of cAMP, tyrosine kinase activity, and release of arachidonic
acid. Also, angiotensin II or PD 1 2331 9 had no effect on cell
growth, mitogenesis, or hypertrophy or on mitogenesis or hy-
pertrophy stimulated by several growth factors. These results
show that the AT2 binding site is quite distinct from the AT1 site
in terms of molecular weight, binding properties, and coupling to
second messenger systems. Although the significance of this
novel angiotensin II binding site remains obscure, the identifica-
tion of cell lines selectively expressing it should greatly aid in the
understanding of its regulation and function.

Angiotensin II is an eight-amino acid peptide with well

known effects on a variety of tissues, including vasoconstriction

in cardiovascular tissues, decreases in glomerular filtration rate

in kidney, catecholamine and aldosterone release from adrenal

gland, and dipsogenia in brain (1, 2). In all these cases, angio-

tensin II is thought to mediate its effects through interaction

with a cell surface receptor that subsequently transduces its

signal into the appropriate cellular response.

The variety of effects generated by angiotensin II has led to

speculation that multiple subclasses of receptor exist for this

peptide (3, 4). The recent development of nonpeptidic ligands

that interact with angiotensin II receptors provides the most

convincing data for the existence of receptor subclasses. Use of

these ligands has revealed the presence of two major classes of

binding sites for angiotensin II in a variety of tissues, including

adrenal, uterus, and brain (5-8). The AT, site is recognized by

Dup 753 and is sensitive to dithiothreitol. This site has also

been shown to mediate many of the physiological effects com-
monly associated with angiotensin II, such as vasoconstriction,

aldosterone release, and changes in blood pressure (7, 9-12).

The AT2 site is recognized by PD 123319, its analogue PD

123177, and CGP 42112A (5-8), and binding is insensitive to

or slightly enhanced in the presence of dithiothreitol (5, 12,

13). Unlike the AT, site, however, to date there has been no

clear function associated with AT2 sites, although several have

been suggested. Further, autoradiographic studies have clearly

shown that, although a given tissue may contain both AT, and

AT2 sites, there is a clear demarcation of sites within the tissue

(6, 14, 15). At present, it is unclear whether a given cell

expresses both types of binding sites.

We report here the identification of a mouse fibroblast cell

line, designated R3T3, that selectively expresses AT2 sites.

These cells represent a valuable and convenient model in which

to study potential coupling mechanisms and function of AT2

sites, as well as to examine its regulation and biochemical

properties.

Experimental Procedures

Materials. ‘251-Angiotensin II (2200 Ci/mmol), ‘25I-Sar’,Ile8-angio-

tensin II (2200 Ci/mmol), [‘H]thymidine (15 Ci/mmol), [‘H]leucine

(163 Ci/mmol), and [‘H]arachidonic acid (100 Ci/mmol) were obtained

from New England Nuclear (Boston, MA). [3H]Choline (75 Ci/mmol)

and [‘H]uridine (43 Ci/mmol) were obtained from Amersham Corp.
(Arlington Heights, IL). [‘H]Inositol (23 Ci/mmol) was obtained from

American Radiolabeled Chemicals (St. Louis, MO). [3H]Adenine (39
Ci/mmol) was obtained from ICN Biomedicals, Inc. (Costa Mesa, CA).

Gpp(NH)p was obtained from CalBioChem (San Diego, CA). Angio-

tensin peptides were obtained from either Bachem Fine Chemicals
(Torrance, CA) or Peninsula Laboratories (Belmont, CA). PD 123319,

PD 123177, and Dup 753 were prepared as described (7). Cell culture
reagents were obtained from GIBCO (Grand Island, NY).

Cell culture. A culture of Swiss 3T3 cells was found that expressed
angiotensin II binding that was displacable by PD 123319 but not by
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Dup 753. This binding was not found in other strains of Swiss 3T3

available to us, including cultures obtained from the American Type

Culture Collection (Rockville, MD). These cultures were designated as
R.3T3 and are morphologically identical to other strains of Swiss 3T3

cells. R3T3 cells were grown under conditions described for Swiss 3T3
(16), using Dulbecco’s modified essential medium supplemented with

10% FBS. All experiments used cells grown as a monolayer. Cells were

enumerated using a Coulter counter, after release from plastic sub-

strates with trypsin.

Angiotensin II binding assay. Crude membranes of R3T3 cells
were prepared by scraping the cells into 5 mM Tris buffer (pH 7.4)

containing 10 MM leupeptin, bestatin, pepstatin A, and 100 �M phenyl-

methylsulfonyl fluoride. Cells were then homogenized, using a Brink�
mann Polytron, and centrifuged at 1,000 x g for 10 mm. The super-
natant was removed and then recentrifuged at 50,000 x g for 30 mm.

The resulting pellets were resuspended in 10 mM phosphate buffer (pH

7.4), at 1 mg/ml, and either used immediately or stored at -70�.

Binding of ‘25I��jotensjn II to membranes was conducted in a final

volume of 1 ml of 150 mM NaC1 containing 10 mM HEPES, protease

inhibitors as listed above, 10 �zM captopril, 0.2% BSA, and 10 mM

MgCl2, with 10-50 i�g of membrane protein, 25 pM ‘�I-angiotensin II,
and test compound. In some experiments, ‘25I-Sar’,Ile8-angiotensin II

was used as the radioligand. Samples were incubated at 37� for 120

mm, and binding was terminated by filtration through Whatman GF/
B glass fiber filter sheets (presoaked in 50 mM Tris buffer, pH 7.7,

containing 0.2% BSA and 100 �tM bacitracin), using a Brandel 48R cell
harvester. Filters were washed three times with 4 ml of Tris buffer and

then counted for y radioactivity. Nonspecific binding was defined as

radioactivity retained on the filters in the presence of 10 �M saralasin,

and specific binding was defined as total binding minus nonspecific
binding. Saturation analysis was performed using the LIGAND pro-
gram (17), and IC� values were calculated by weighted nonlinear
regression curve-fitting to the mass-action equation (18).

For determination of internalized radioligand, cells grown in 12-well

plates were incubated with 25 �M ‘9-angiotensin II at 4* or 37� for 5
hr, in minimal essential medium supplemented with 0.1% BSA, 20 mM

HEPES, and 0.2% bacitracin. Nonspecific binding was performed in
parallel cultures, using the same buffer with the inclusion of 10 .tM

saralasin, and was typically <2% of the specific binding. To determine

total associated radioactivity (both internalized and cell surface-

bound), cells were washed with three 0.5-ml volumes of ice-cold PBS
(pH 7.2). PBS supplemented with 1% BSA (0.5 ml) was added, and the

cells were incubated at 4� for 3 mm. Cells were then washed twice with

0.5 ml of ice-cold PBS and solubilized in 2% SDS, and the solubilized
material was counted for �y radioactivity. In parallel cultures, internal-

ized radioactivity was determined in a similar manner, except that the
cells were incubated with an acidic buffer (150 mM NaCl, 50 mM

glycine, 1% BSA, pH 3.0) for 3 mm rather than the pH 7.2 buffer, in

order to remove cell surface-associated radioactivity.
Covalent cross-linking of ‘251-angiotensin II. Whole R3T3 cells

were incubated with 900 �M ‘26I-angiotensin II and various additions,

in KRH (130 mM NaCl, 5.2 mM KC1, 1.3 mM CaCl2, 1.3 mM MgSO4,

50 mM HEPES, pH 7.4) containing 0.1% BSA, for 60 mm at room

temperature. The radioactive medium was then removed, and cells were
washed with ice-cold KRH. Fresh KRH containing 0.4 mM DSS was

then added, and the cells were incubated for an additional 15 mm at

4’. The cross-linking medium was then removed, and cells were lysed

by addition oflysis buffer (150 mM NaCl, 50 mM HEPES, 10% glycerol,

1% Triton X-100, 1.5 mM MgC12, 1 mM EGTA) supplemented with

protease inhibitors as described above. Cells were scraped from the

plate, transferred to microfuge tubes, and then pelleted. The superna-

tant was transferred to separate tubes and combined with an equal
volume of 2X SDS sample buffer (final concentrations of 62.5 mM Tris,

pH 6.8, 2% SDS, 5% 2-mercaptoethanol, and 10% glycerol). After

boiling for 5 mm, the samples were subjected to electrophoresis on a

4-12% acrylamide gel. The resulting gel was stained with Coomassie
blue, dried, and autoradiographed using XAR-5 film.

Second messenger assays. For determination of [3H]inositol phos-
phates, cells were labeled with [3H]inositol for 48 hr, preincubated with

10 mM LiC1, and treated as indicated. Accumulation of total [3H]

inositol phosphates was assessed utilizing anion exchange chromatog-
raphy, as described (7).

Turnover of phosphatidylcholine was determined by labeling cells

with [3H]choline for 48 hr. Cells were then washed and exposed to
various treatments as indicated. [3H]Choline metabolites (choline, cho-
line phosphate, and glycerophosphocholine) were determined by chro-

matography on Dowex resin, as described (19).
Release of arachidonic acid was determined by labeling confluent

R3T3 cells with 1 MCi/well [3H]arachidonic acid in minimal essential
medium for 1 hr. Cells were then washed with PBS supplemented with

0.1% BSA. Fresh PBS/0.1% BSA was added, and the cells were exposed
to various treatments for 15 mm. Aliquots of the medium were removed
and used for determination of released radioactivity.

Cyclic AMP levels were determined after labeling of cells with [‘H]

adenine, followed by extraction and chromatography as described (20,
21). Alternatively, cAMP levels were also examined using a commer-
cially available radioimmunoassay (Amersham Corp.).

R3T3 cells grown in 35-mm wells were used for determination of
diacylglycerol mass. After experimental treatment as indicated, cells
were scraped from the wells and lipids were extracted as described (22).

Diacylglycerol levels were determined as described by Preiss et at. (23),

utilizing bacterial diacylglycerol kinase (Lipidex, Inc., Westfield, NJ)

to convert diacylglycerol to ‘2P-labeled phosphatidic acid. Samples were
extracted with chloroform/methanol (1:2), and the extract was sepa-
rated on thin layer chromatography plates. Radiolabeled phosphatidic

acid was scraped from the plate and quantitated by liquid scintillation.
Tyrosine phosphorylation patterns were determined by running ex-

tracts of cells exposed to various treatments on SDS-acrylamide gels.

Separated proteins were transferred to nitrocellulose and probed with
an antiphosphotyrosine antibody (PY-20; ICN Biomedicals, Inc.). De-
tection of bound antibody was achieved using “I-antimouse IgG

(Amersham Corp.).
[3H]Thymidine, [3HJleucine, and [3Hjuridine incorporation.

Three to four days after seeding, cells were transferred to Dulbecco’s
modified essential medium containing 0.1% BSA and no serum. After
24 hr without serum, various combinations of growth factors were

added, and the cells were incubated an additional 24 hr. During the
final 2 hr of incubation, 1 j�Ci of [‘H]thymidine, [‘H]leucine, or [‘H]
uridine was added to each well. Incorporation was terminated by
washing of the cells with ice-cold PBS, followed by addition of ice-cold

5% trichloroacetic acid. After incubation for 15 mm, the cell material
was extensively washed with water, followed by solubilization in 2%
SDS. Solubilized material was transferred to counting vials, and ‘H

was determined by scintillation counting.

Results

Angiotensin II binding. The binding of angiotensin II to

membranes prepared from R3T3 cells was saturable and of
high affinity. Fig. 1 shows a representative binding isotherm

for ‘251-angiotensin II, which yielded an apparent Kd of 396 ±

47 pM and a Bmax of 109 fmol/mg of protein.

Fig. 2 shows the ability of several angiotensin II peptide

analogues and nonpeptide ligands to compete for binding on
R3T3 membranes. IC50 values of 130 ± 39 nM (mean ± standard

error) for angiotensin I, 0.59 ± 0.08 nM for angiotensin II, 0.49

± 0.07 nM for angiotensin III, and 0.89 ± 0.08 nM for the

antagonist saralasin were obtained. This rank order of potency

for angiotensin II analogues is identical to that found in other

systems. It is also apparent that Dup 753 did not appreciably
compete for binding of ‘251-angiotensin II in these membranes,

because concentrations as great as 10 �M reduced binding by

<5%. Conversely, PD 123319 completely displaced the radio-
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[Mgiotensin II), aM

Fig. 1. Saturation analysis of angiotensin II binding to membranes
prepared from R3T3 cells. Membranes were prepared and incubated
with varying concentrations of 125l-angiotensin II, as described in Exper-
imental Procedures. Inset, a Scatchard transformation of the data. Units
for the inset abcissa are fmol/mg. Shown is a representative example of
four separate experiments.

EC�1, aM

Fig. 2. Effect of increasing concentrations of angiotensin I (S), angioten-
sin II (0), angiotensin III (A), saralasin (z�), PD 123319 (U), PD 123177
(0), and Dup 753 (x) on inhibition of specific ‘�I-Sar1,lle8-angiotensin II
binding to R3T3 membranes. Points are averages of three replicates and
are representative of three separate experiments.

label, yielding an IC� value of28.3 ± 3.7 nM, as did PD 123177,

which yielded an IC60 value of 130 ± 13 nM.

Dithiothreitol has been reported to inhibit angiotensin bind-

ing to sites that recognize Dup 753, while enhancing binding to

Dup 753-insensitive sites (5, 12, 13). In R3T3 membranes,

dithiothreitol elicited a slight shift to the left in the dose-

response curve for angiotensin II displacement of radiolabeled

angiotensin H binding (Fig. 3). Scatchard analysis of experi-

ments examining the effect of dithiothreitol revealed that di-

thiothreitol caused a decrease in the Kd from 0.23 ± 0.06 nM to

0.13 ± 0.02 nM, with no significant effect on the Bmax.
Angiotensin II receptors are generally thought to be coupled

through G proteins, and agonist binding has been shown to be

sensitive to guanine nucleotides in several systems (24-26). In

[Angiotensin II), nM

Fig. 3. Effect of dithiothreitol on angiotensin II binding to membranes
prepared from R3T3 cells. 125l-Angiotensin II was displaced by increasing
concentrations of unlabeled angiotensin II in the presence (0) or absence
(#{149})of 5 m� dithiothreitol (DTT). Binding conditions were as described in
Experimental Procedures. Individual points are the average of triplicate
values and are representative of four separate experiments.

lAngiotensin III, nM

Fig. 4. Effect of Gpp(NH)p on angiotensin II binding to R3T3 membranes.
1�I-Sar1,IIe8-angiotensin II was displaced by increasing concentrations of
unlabeled angiotensin II in the presence (0) or absence (#{149})of 100 �M

Gpp(NH)p. Points are the average of triplicate determinations and are
representative of two separate experiments.

particular, binding to Dup 753-sensitive sites has been shown

to be sensitive to guanine nucleotides, whereas binding to AT2

sites is not (7, 27). Fig. 4 indicates that Gpp(NH)p, at up to

100 �M, failed to influence binding in R3T3 membranes.

Covalent cross-linking of ‘251-angiotensin II to its
binding site. Additional biochemical characterization of the

angiotensin II binding site in R3T3 membranes was undertaken

by using DSS to covalently cross-link ‘251-angiotensin II to its

binding site. Fig. 5 shows that ‘251-angiotensin II labeled a

protein with apparent molecular weight of about 100,000. This

labeling could be specifically blocked in the presence of 1 �tM

saralasin (Fig. 5, lane 2) and 1 �zM PD 123319 (Fig. 5, lane 3)
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Fig. 5. Covalent cross-linking of 125l-angiotensin II to R3T3 cells. Cells
were incubated with ‘�I-angiotensin II alone (lane 1) or in the presence
of 1 �M S&5I�Sifl (lane 2), 1 � PD I 23319 (lane 3), or 1 zM Dup 753
(lane 4). DSS was used to cross-link the radioactivity, and samples were
prepared and electrophoresed as described in Experimental Procedures.
Shown is the resulting autoradiographic pattern. Positions of molecular
weight standards are shown.

but was unaffected by the presence of 1 �M Dup 753 (Fig. 5,
lane 4).

Lack of internalization of ‘251-angiotensin II binding
sites in R3T3 cells. A number of receptors are internalized
after binding of the appropriate ligand, including receptors for

angiotensin II (28). In order to determine whether angiotensin

II binding sites are internalized in R3T3 cells, whole cells were
incubated with ‘�I-angiotensin II for 5 hr at 37#{176}or 4#{176}.Cells
were then washed with an acidic buffer to release cell surface-
bound radioactivity. As shown in Fig. 6, at either temperature,
>96% of the associated radioactivity could be dissociated by an
acidic buffer, indicating that under these conditions this angio-
tensin II binding site remains on the cell surface. Similar results
were noted at different times of incubation from 1 to 24 hr

(results not shown).

Angiotensin II effects on second messengers in R3T3
cells. A number of assays for second messengers were examined

in R3T3 cells, and the results are summarized in Table 1.

Angiotensin II increases turnover of inositol phospholipids in

several tissues and cells. In order to ascertain the effects of
angiotensin II in R3T3 cells, cells were labeled with [3H]inositol

and then treated with angiotensin II, PD 123319, or bombesin
for 1 hr. Bombesin caused a dose-dependent increase in accu-
mulation of total inositol phosphates, with an EC60 value of
0.74 ± 0.4 nM and a maximal response of 8-fold over control.

Notably, neither angiotensin II or PD 123319 caused an in-

crease by themselves. Further, the dose response of bombesin

was unaffected by the presence of either 1 zM angiotensin II
(EC60 value of 0.70 ± 0.04 nM) or 1 �tM PD 123319 (EC60 value

of 0.93 ± 0.37 nM).

Bombesin has also been shown to cause turnover of phos-
phatidylcholine in Swiss 3T3 cells (19). To determine whether

angiotensin could stimulate this effect, cells were labeled with

[‘H]choline, and changes in intracellular [‘H]choline metabo-

lites were monitored after stimulation. Bombesin (1 �M) caused

a 1.54 ± 0.20-fold increase in [3H]choline levels and no change

in [‘H]choline phosphate or [3H]glycerophosphocholine after

10 mm. However, 1 �M angiotensin II exerted no effect on any

of these metabolites.
In R3T3 cells, bombesin (1 �zM) also stimulated an increase

in diacylglycerol, from basal levels of 11.7 ± 0.5 pmol/well to a

maximum of 119 ± 16 pmol/well within 10 mm. However, 1

MM angiotensin II or PD 123319 were without effect on basal
levels (11.8 ± 0.1 and 9.5 ± 1.2 pmol/well for angiotensin II

and PD 123319, respectively) of diacylglycerol and, similarly,

had no effect on bombesin-stimulated increases of diacylglyc-

erol (122 ± 14 and 117 ± 15 pmol/well for angiotensin II and

PD 123319, respectively).

Angiotensin II and PD 123319 (both at 1 zM) also failed to

stimulate release of [‘H]arachidonic acid from prelabeled cells

(0.99 ± 0.02- and 0.93 ± 0.03-fold over control, respectively).

Similarly, they were without effect on the ability of 10 �M

A23187 to stimulate release. A23187 caused a 2.80 ± 0.11-fold

increase over control, whereas A23187 combined with 1 �tM

angiotensin II caused a 2.62 ± 0.17-fold increase and A23187

combined with 1 �iM PD 123319 caused a 3.09 ± 0.10-fold

release.
Angiotensin II has been shown to inhibit stimulation of

adenyl cyclase in several tissues, including heart, kidney, and

liver (4, 29, 30). In R3T3 cells, angiotensin II had no effect on

basal levels of cAMP. Treatment of cells with forskolin for 10
mm in the presence of 100 �tM isobutylmethylxanthine actively

increased cAMP levels to 59-fold above control, with an EC60

value of 3.3 ± 0.7 �M. However, 1 MM angiotensin II had no

influence on the dose-response curve for forskolin-stimulated

cAMP accumulation (EC��� value of 2.9 ± 0.6 MM).

We also examined patterns of tyrosine phosphorylation in

response to angiotensin II and various agonists in R3T3 cells.
Whereas epidermal growth factor, platelet-derived growth fac-

tor, bombesin, and basic fibroblast growth factor all signifi-

cantly increased the phosphotyrosine content of discrete pro-

tein bands, angiotensin II did not affect tyrosine phosphoryla-
tion stimulated by any of these agents and did not stimulate
any activity on its own.

Effect of angiotensin II on cell growth and mitogene-
sis. Angiotensin II is implicated in hypertrophy and possibly

mitogenesis in cardiac and smooth muscle tissue (31, 32). Fig.

7 shows the growth curve of R3T3 cells grown in normal

medium or medium supplemented with 1 MM angiotensin II,

PD 123319, or both. During the course of the experiment, there

was no significant difference in cell growth under any of the

conditions.

To determine the effects of angiotensin II on mitogenesis

and hypertrophy induced by other agents, cells were growth

arrested for 24 hr in serum-free medium, followed by 24-hr
treatment under various conditions. Incorporation of [‘H]thy-
midine into trichloroacetic acid-insoluble material was then

used as an index for mitogenesis, whereas incorporation of [‘H]
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Fig. 6. Lack of internalization of angiotensin II binding sites
in R3T3 cells. Cells were incubated with 1�l-angiotensin II
at 4#{176}or 37#{176}for 5 hr, followed by washing with pH 3 buffer
(internalized sites) or pH 7 buffer (total sites). Remaining
specific radioactivity was determined as described in Ex-
perimental Procedures. Values are averages ± standard
errors of triplicate determinations, and the experiment
shown is representative of three separate experiments.
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Summary of effects of angiotensin II on functional responses in
R3T3 cells
Details of assays and results are given in Experimental Procedures and Results.

Assay Response

Phosphatidylinositol turnover No basal increase in total [3H]
inositol phosphates.

No effect of angiotensin II or
PD 12331 9 on the dose re-
sponse of bombesin-stimu-
lated [3H]inositol phosphate
accumulation.

Phosphatidylcholine turnover No effect on basal levels of [3H]
choline, [3H]choline phos-
phate, or [3H)glycerophos-
phocholine

Diacylglycerol levels No effect on basal levels.
No effect of angiotensin Il on

bombesin-stimulated in-
creases in diacylglycerol.

Arachidonic acid release No effect of 1 MM angiotensin II
or PD 123319 on basal re-
lease of [3Hjarachidonic acid
or on release stimulated by
A231 87.

Adenylcyclase No effect on basal CAMP levels.
No effect of angiotensin II on

forskolin-stimulated cAMP
levels.

Tyrosine phosphorylation No effect on levels of protein-
associated tyrosine phos-
phate.

No effect of angiotensin II on
tyrosine phosphorylation
stimulated by bombesin, epi-
dermal growth factor, plate-
let-derived growth factor, or
basic fibroblast growth fac-
tor.

leucine and [‘H]uridine was used as an index of hypertrophy.

As shown in Fig. 8, angiotensin II and PD 123319 had no effect

on basal levels of [‘H]thymidine incorporation or on incorpo-

ration stimulated by epidermal growth factor, bombesin, basic

fibroblast growth factor, or FBS. Additional experiments re-

vealed that angiotensin II and PD 123319 had no effect on the

dose responses for epidermal growth factor, basic fibroblast
growth factor, or bombesin for stimulated thymidine incorpo-

Fig. 7. Growth curve of R3T3 cells. Cells were seeded in 35-mm wells,
at 1 x 10� cells/well, in normal growth medium (FBS) (#{149})or medium
supplemented with 1 MM angiotensin II (0), 1 MM PD 12331 9 4, or 1 MM

each angiotensin II and PD 12331 9 (0). Fresh medium was added on
day 3, and additional aliquots of angiotensin II and PD 123319 were
added on days 2, 4, 6, and 8. At the indicated days, cells were harvested
with trypsin and enumerated using a Coulter counter. Values are aver-
ages ± standard errors for triplicate determinations, and the experiment
shown is representative of two separate experiments. Some point sym-
bols are hidden behind other symbols.

ration (data not shown). In a similar manner, angiotensin II

and PD 123319 had no effect on stimulated incorporation of

[‘H]leucine or [‘H]uridine into trichloroacetic acid-insoluble

material (Fig. 8).

Discussion

Angiotensin II mediates a myriad of responses, and the

possibility that these responses are mediated by separate recep-

tor subclasses has been suggested previously (3, 4). The devel-
opment of nonpeptide uganda that compete for angiotensin II

binding yielded the first chance to clearly delineate discrete

binding sites for this peptide, resulting in the present nomen-

clature of AT1 to designate receptors recognized by Dup 753
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Fig. 8. Effect of angiotensin II or PD 1 2331 9 on [3HJ
thymidine (top), [3H]leucine (middle), or [3H]uridine (bottom)
incorporation into trichloroacetic acid-insoluble material in
R3T3 cells. Cells were growth arrested for 24 hr and then
stimulated with epidermal growth factor (EGF) (1 ng/ml),
bombesin (BN) (1 MM), basic fibroblast growth factor (bFGF)
(1 ng/ml), or FBS (5%), as indicated for an additional 24 hr,
either alone J) or with 1 MM angiotensin II (�) or 1 MM PD
12331 9 (0). Label was present during the final 2 hr of
incubation, and incorporation was determined as described
in Experimental Procedures. Values are averages ± stand-
ard errors for three determinations. Shown is a represent-
ative example of three separate experiments.

Control BN EGF bFGF FBS

and sensitive to dithiothreitol and AT2 to designate the binding
site recognized by PD 123319 and not blocked by dithiothreitol.
At present, all of the known physiological actions of angiotensin

II are blocked by Dup 753 and are mediated by the AT, class
of angiotensin II binding sites (7, 9-12). The properties of
angiotensin II at the cellular level, such as stimulation of

phosphatidylinositol turnover, increases in intracellular Ca2�,

and inhibition of adenylate cyclase, as well as effects of guanine
nucleotides on agonist binding, suggest that the AT, receptor
subtype for angiotensin II is a member of the rhodopsin family,
with cellular events coupled through G proteins. Additionally,
the different cellular events, such as effects on Ca2� and cAMP,
are reminiscent of effector mechanisms in other G protein
receptor-coupled families that are activated by separate recep-
tor subtypes. This is well known in the case of muscarinic

receptors, for example, and suggests that subtypes of the AT,

class may exist as well.
The AT2 binding site for angiotensin II has been found in

adrenal tissue, brain, uterus, and ovary and most recently has
been localized in ovarian granulosa cells (5-8, 33). Preliminary

characterization of this site has yet to reveal a function, and
binding studies show no effect of guanine nucleotides, indicat-
ing a lack of coupling through G proteins (7, 27, 33). This is

also suggested by functional studies carried out in ovarian
granulosa cells, which failed to detect an effect of angiotensin

II on common G protein effector mechanisms, such as phos-
phatidylinositol turnover, Ca2� fluxes, and cyclic nucleotides
(33).

The results presented here clearly show that R3T3 cells

express a binding site for angiotensin II that is quite distinct
from the receptor typically associated with activity of this
peptide. Furthermore, its sensitivity to PD 123319 and insen-
sitivity to dithiothreitol mark it as an AT2 site. The lack of

AT, receptors in this cell makes it a very convenient model for
further studies of the AT2 site structure and function.

Covalent cross-linking studies indicate that a protein with
an apparent molecular weight of about 100,000 comprises at
least part of the AT2 binding site, because labeling of this

protein is completely inhibited by PD 123319 but not by Dup

753. The molecular weight of this component is distinctly larger

than values reported for angiotensin II receptors in other
tissues (34, 35) and is additional evidence of the difference in

molecular structure between AT, receptors and AT2 sites. In
the only previous report of cross-linking of AT2 sites, binding
of ‘25I-angiotensin II to primary ovarian granulosa cultures

suggested that a component of Mr 79,000 was involved (33).

This apparent discrepancy raises the possibility of heteroge-
neity of AT2 binding sites, due either to varying degrees of
glycosylation or to differences in primary amino acid sequences,

suggesting that subtypes may exist. Alternatively, in the pre-
vious report, inhibition oflabeling with the selective nonpeptide

ligands was not shown, and the possibility remains that the

primary cultures express a small population of contaminating

AT, sites.
Functional activities examined in R3T3 cells also clearly

showed that AT2 sites were not coupled to effects typically

associated with stimulation of angiotensin II receptors. This

included a lack of effect of angiotensin II on stimulation of

phosphatidylinositol turnover, phosphatidylcholine turnover,

diacylglycerol levels, levels of cAMP, release of arachidonic
acid metabolites, and tyrosine kinase activity. Many of these

activities are associated with coupling through G proteins, and
the lack of function shown here reinforces the suggestion that

AT2 sites are not coupled through G proteins. The results
presented here complement and extend those reported by Pucell

et at. (33), who also found no effect of angiotensin II in ovarian

granulosa cells expressing AT2 sites. Similarly, AT2 sites are

not internalized in R3T3 cells, eliminating the possibility that
this site is functioning as a clearance receptor, reminiscent of
receptors for atrial natriuretic factor (36).
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Many growth factors stimulate the phosphorylation of tyro-

sine residues on a variety of cellular proteins, and this has been
noted for angiotensin II stimulation as well, although the effect
seen with angiotensin II is likely an event secondary to in-

creased Ca2� fluxes (37). Although a number of growth factors

stimulated tyrosine phosphorylation in R3T3 cells, we did not

detect any effect of angiotensin II on these levels, and angio-
tensin II itself caused no change in the basal levels of tyrosine
phosphorylation. In related studies, we also investigated the

possibility that angiotensin II would be mitogenic or hyper-

trophic for R3T3 cells. Angiotensin II has been reported to be

mitogenic in 3T3 cells (38), as well as in other systems (32, 39),

and most recently it was shown that this response could be
mediated by AT, sites (40); however, potential effects by an

AT2 site remained undefined. Angiotensin II and the selective
ligand PD 123319 clearly had no effect on mitogenesis or

cellular hypertrophy in R3T3 cells, either alone or in conjunc-

tion with several known mitogens for Swiss 3T3 cells, indicat-
ing that the AT2 site expressed in the R3T3 cells does not affect

these responses. Given these results, it is likely that the earlier

report on 3T3 cells utilized a variant that was expressing AT,

sites. Indeed, these workers noted that the response was not

seen in all cultures of 3T3 cells and was likely to be “clone-

specific” (38).

The lack of an obvious effect of angiotensin II on R3T3 cells
raises a perplexing question. What is the function of the AT,

binding site? Although conclusive evidence is not available,

several possibilities exist. One is that the AT2 site expressed in

this particular cell line is mutated or truncated in some manner,

so as to render its coupling mechanism nonresponsive. Al-

though we cannot unequivocally rule out this possibility, the

fact that AT2 sites in other tissues and cells also fail to show
responses makes this unlikely. Further, the demonstration that

typical signaling pathways are intact and responsive in R3T3

cells makes it unlikely that the AT, site is unable to act due to
lack of a coupling factor or an unresponsive pathway. However,
it is possible that the AT, site is silent, in terms of a direct

cellular activity. Recent work has revealed a form of the tyro-

sine kinase gene product trkB that is apparently silent due to

the absence of a cytoplasmic domain but retains an extracel-
lular, putative ligand-binding domain (41). Possible explana-

tions for the function of this cell surface protein include a

clearance type of receptor, a mechanism of shuttling ligand
across normally impermeable barriers, such as the blood-brain

barrier, or a means of presenting ligand to functionally coupled

receptors on the same or neighboring cells. Similar arguments
may also be made for the low affinity receptor for basic fibro-

blast growth factor, which has recently been shown to be a cell-

surface heparan sulfate proteoglycan and appears to lack an

intrinsic cellular activity (42). Given the current lack of cvi-

dence regarding direct cell activation, these possibilities remain
viable suggestions for AT, site function. Finally, it would be

naive to assume that all signal transduction mechanisms are

known, and it remains a tantalizing possibility that AT2 sites

are coupled through currently unappreciated pathways.
Although a clear function for AT2 binding sites is yet un-

known, the identification of cell lines selectively expressing
this site is a great asset. The R3T3 cells used here have revealed

a site with characteristics distinct from those of the AT, recep-

tor. These include molecular weight, binding properties, and

lack of cellular activity usually associated with angiotensin II

receptors. These cells should prove quite useful for additional

studies aimed at elucidating the structure, regulation, and p0-

tential function of this site.
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