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SUMMARY

LF 7-01 56 (2-[[[2-butyl-1 -[(4-carboxyphenyl)methyl]-1 H-imida-
zol-5-yI]methyl]amino]benzoic acid) is a nonpeptide angiotensin
II receptor antagonist selective for the type 1 angiotensin recep-
tor. In rabbit aortic rings, LF 7-01 56 competitively antagonized
angiotensin Il-induced contractile responses, with a pA2 value of
8.44. The synthesis of the radiolabeled compound [3H]LF 7-
01 56 has allowed direct binding studies with several membrane
or cell preparations. Consistent with competition experiments,
the binding of [3H]LF 7-0156 to purified rat liver membranes
was characterized by a Kd value of 1 2.6 n� and very low
pseudospecific or nonspecific binding; this latter characteristic
confers to this compound an advantage over the structurally
different compound [3HIDuP 753, which is the only commercially

available nonpeptide radioligand. [3HJLF 7-01 56 also bound to
the type 1A angiotensin receptor expressed in Chinese hamster
ovary cells, with high affinity (Kd = 3.5 nM) and a total absence
of nonspecific binding. Functional antagonism in this cell system
was assessed by the ability of LF 7-01 56 to reverse angiotensin
Il-induced inositol phosphate production. These properties make
[3H]LF 7-01 56 an interesting pharmacological tool and should
allow future evaluation of recognition of the nonpeptide ligand
by mutated receptors expressed in Chinese hamster ovary cells;
it will facilitate the analysis of possible differences in receptor
amino acids involved in the binding of peptide and nonpeptide
Iigands, as well as the extent of spatial overlap between several
nonpeptide antagonists displaying different structural properties.

Recently, two All receptor subtypes have been identified

based on their relative affinities for the selective nonpeptide

antagonists DuP 753 (Exp 89) and Exp 655 (PD123177) or its
structural analogue WL-19 and the pseudopeptide antagonist
CGP 42112A (1-3). The receptor subtype that displays high

affinity for DuP 753 and weak affinity for Exp 655 or WL-19
and CGP 42112A has been designated as AT1 (4) and is asso-
ciated with most of the known functional responses of All,
including its major role in the regulation of blood pressure. The
cloning of a cDNA encoding this AT1 receptor has been reported

(5, 6). The other receptor subtype, termed AT2, is sensitive to
Exp 655 or WL-19 and CGP 42112A, while showing no affinity

for DuP 753. There exist a series of nonpeptide compounds
exhibiting affinity for both AT1 and AT2 subtypes (7, 8).
Although the primary sequence of the AT2 receptor has quite
recently been elucidated (9, 10), this receptor is not coupled to
any of the known transduction mechanisms and its biological

role remains unclear. At variance with the AT1 receptor, the
binding of All to the AT2 subtype is not abolished upon
treatment with DTT, a reducing agent for disulfide bridges (1).

S.N. was the recipient of a fellowship from Laboratoires Fournier and Centre
National de La Recherche Scientifique.

Because pressor effects of All are mediated by the AT1

receptor, AT1-selective nonpeptide antagonists represent po-

tential new therapeutic agents for the treatment of hyperten-

sion and have therefore given rise to much interest among

pharmaceutical companies. Most of the compounds developed

are structurally related to DuP 753; they display a conserved

BPT moiety, with their imidazole nucleus being replaced by

aromatic nitrogen-containing heterocycles such as imidazo[4,5-

b]pyridine (L-158,809) (11), aminopyridine (A-81988) (12), tria-

zolinone (SC-51316) (13, 14), quinoline (ICI D8731) (15), N-

oxide quinoxaline (16), or spirocyclopentaneimidazolinone (SR
47436) (17), whereas CGP 48933 (18) is one of the first non-

heterocyclic antagonists. Few compounds either lacking the

BPT moiety or displaying a modified BPT group have been

synthesized, i.e., SK&F 108566 (19), [[[(1H-pyrrol-1-ylace-

tyl)amino]phenyl]methyl]imidazole derivatives (20), GR1 17

289 (21), and N-phenyl-1H-pyrole derivatives (22).
In this context, Fournier Laboratories have synthesized a

novel selective nonpeptide AT1 receptor antagonist, LF 7-0156

(2-[[[2-butyl - 1 - [(4-carboxyphenyl)methyl]-1H-imidazol-5-ylj

methyl]amino]benzoic acid) (23). Its structure shows that it

belongs to the family of compounds that do not have the BPT
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moiety. Therefore, a radiolabeled derivative of LF 7-0156

should provide a new tool for the pharmacological and struc-

tural characterization of AT1 receptors, adding to the list of

already described radioactive molecules (24-29); [3H]LF 7-0156

has been synthesized and its binding properties have been

studied in several cell systems expressing AT1 receptors. In

addition, a comparison was made with the properties of [3H]

DuP 753, the only commercially available nonpeptide radioli-

gand.

Materials and Methods

Chemical Synthesis of LF 7-0156 and [3HJLF 7-0156

LF 7-0156 and its tritiated derivative [‘H]LF 7-0156 were synthe-

sized by Fournier Laboratories (Daix, France) (23) and the Commis-

sariat a 1’Energie Atomique (CEA, Saclay, France), as summarized in

Fig. 1. Tritiation at position 4 on the imidazole ring was achieved by

treatment of the chlorinated compound 5 with tritium gas in the

presence of palladium on carbon; because this reaction (yield, 25%)

was carried out in methanol, exchange reactions between this solvent

and tritium are likely to be responsible for the moderate specific

radioactivity (4.6 Ci/mmol, measured by UV spectrophotometry and

BrcH2-(j�-co�Me
� ,&�

K�CO�, DMF nBu

neat
methyl

sithianilate

Fig. 1. Chemical synthesis of [3H]LF 7-01 56. The yields of the various
steps were as follows: 1 to 2, 90%; 2 to 3, 98%; 3 to 4, 95%; 4 to 5,
90%; 5 to 6, 25%; 6 to 7, 83%. Unlabeled LF 7-01 56 was synthesized
according to a similar scheme, except that dechlorination at the 4-position
of the imidazole ring was carried out on compound 2, with a high yield
(89%). nBu, n-butyl; Me, methyl; DMF, dimethylformamide; MeOH, meth-
anol.

radioactivity determinations). Using dimethylformamide or methyl

acetate as solvent at the dechlorination step has allowed production of

tritiated analogues displaying expected specific radioactivities (>20 Ci!

mmol).’ The unlabeled derivative LF 7-0156 was synthesized through

a similar synthesis scheme, except that dechlorination was carried out

on compound 2; all reaction yields were quite satisfactory (>80%).

The initial radiochemical purity was 99.4%, as assessed by high
performance liquid chromatography analysis. The compound was
stored at -20’ in a methanol/water (1:1) solution without significant

decrease of its purity over a 1 -year period of time.

Other Ligands

The other nonpeptide antagonists (DuP 753 and SK&F 108566) were

synthesized by Fournier Laboratories. [‘H]DuP 753 (specific activity,

40.5-54.9 Ci/mmol) was from New England Nuclear (Mechelen, Bel-

gium). Sar’-AII was purchased from Bachem (Bubendorf, Switzerland)

and radioiodinated (1800 Ci/mmol) as described previously (30).

Functional Assays

Inhibition of All-induced rabbit aortic ring contraction. New

Zealand white rabbits (3.0-3.5 kg) were killed by an intravenous over-
dose of sodium pentobarbitone. The thoracic aorta was dissected out

and transferred to a Krebs solution (119 mM NaCl, 4.7 mM KC1, 1.18
mM KH,P04, 1.17 mM Mg504, 25 mM NaHCO3, 2.5 mM CaCl2, 0.026

mM EDTA, 5.5 mM glucose), bubbled with 95% 02/5% CO2. Eight rings

of 4-mm length were prepared from the aortic segment and the endo-
thelium was rubbed off in vitro with a pipe cleaner, which was intro-

duced into the vessel lumen and gently moved back and forth several
times. Rings were then suspended on triangular stainless-steel wires
(0.3-mm diameter) in 20-ml jacketed organ baths maintained at 37*�
One hook was suspended from a Gould-Statham UC2 or UTC2 trans-
ducer and the other was fixed to a plastic support leg. Changes in
isometric tension were recorded continuously with two-channel re-

corders (Gould B5272 or Linseis type 7025). Rings were left unstretched
for 30 mm and were then stretched in a stepwise fashion to a passive

force of 2 g.

After 1 hr of equilibration, arterial rings were contracted with an

isotonic high-KC1 (75 mM)-containing solution and the baths were

washed three times with normal Krebs solution. This procedure was
repeated 30 mm later. After return to the base-line, LF 7-0156 was

added to the baths at various concentrations, and 15 mm later responses
to either a single concentration of All (3 nM) or cumulative additions

of All were obtained. The corresponding IC� and pA2 values were

subsequently calculated (31).

Inositol phosphate accumulation. CHO cells expressing the AT1A

receptor were grown in six-well tissue culture clusters and labeled for

2 days with myo-[2-3H]inositol (1.5 mi/well of a 2 �sCi/mi inositol

solution). Before the experiment, the radioactive medium was discarded
and the cells were incubated for 1 hr at 37 in culture medium contain-
ing neither serum nor tritiated inositol. After a 10-mm LiCl pretreat-

ment, the cells were incubated for 15 mm at 37* in the presence or

absence of receptor ligands, in Mg�/Ca2�’-containing phosphate-buff-

ered saline with 0.1 mg/ml bacitracin. Cell disruption was carried out
in 30% perchloric acid pooled inositol phosphates were isolated by ion

exchange chromatography of neutralized extracts on Dowex AG 1-X8
resin (200-400 mesh, formate form), as described previously (32).

CHO Cells

CHO cells expressing the AT1A receptor were kindly supplied by K.

E. Bernstein (Atlanta, GA) and E. Clauser (Paris, France).

Membrane Preparations

Rat liver membranes were purified as described previously (30) and
were stored frozen in liquid nitrogen before use.
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Crude ewe lamb uterine membranes were prepared as follows. Ewe
lamb uteri (either fresh or stored frozen at _80*) were cut into small
pieces and then homogenized in 10 mM Tris . HC1, pH 7.4, 1 mM EDTA,
using a Polytron homogenizer (3 x 8 sec, setting 8) and then a Dounce

homogenizer. After 10 mm of gentle stirring, the homogenate was
filtered through one and then two layers of gauze and was centrifuged

at 600 x g for 20 mm. The supernatant was centrifuged at 30,000 x g

for 20 mm. After washing, the membranes were resuspended in homog-
enizing buffer and frozen in liquid nitrogen.

Crude membranes from CHO cells expressing the AT1A receptor were
prepared at 4’ as follows. Cells were lysed in ice-cold 10 mM Tris . HC1,
pH 7.4, and then homogenized with a Dounce homogenizer. The super-

natant of a first 300 x g centrifugation was centrifuged at 48,000 x g
for 20 mm. The pellet was resuspended in 10 mM Tris . HC1, pH 7.4,
and aliquots ofthe membrane suspension were frozen in liquid nitrogen.

Protein measurements in membrane preparations were carried out
according to the method of Lowry et al. (33).

Binding Assays

Liver membranes. Membranes (10 ag/assay and 90-�sl volume for

‘9-Sar’-AII binding, 50 �zg/assay and 90-z1 volume for [‘H]DuP 753

binding, and 250 jzg/assay and 45O-Ml volume for [‘H]LF 7-0156 bind-

ing) were incubated for various periods of time (30 mm for equilibrium

binding experiments) at 30 in binding medium (50 mM phosphate, pH
7.4, 5 mM MgCl2, 0.1 mg/ml bacitracin, 0.6% Me250) with various

amounts of the tested radioligands. Nonspecific binding was deter-

mined by addition to the assays of an excess (10-s M final concentra-

tion) of either unlabeled Sar’-AII or unlabeled nonpeptide antagonist
(DuP 753 or LF 7-0156). The assays were carried out in triplicate, in

polypropylene tubes to minimize the adsorption of nonpeptide ligands.

Bound radioactivity was estimated by filtration through GF/C filters

(which had been presoaked in a 1% BSA solution), followed by either

liquid scintillation or ‘y counting. The K values of the nonpeptide
antagonists estimated in competition experiments were calculated ac-

cording to the method of Ekins et aL (34) and applied as described by
Korenman (35); the K1 of the tested substances can be related to the

dissociation constant (K0) of the reference substance (unlabeled coun-

terpart of the radioligand) by the equation:

R + 1 - (p/h)
K - K0 . R(p/h)

where p and h are the concentrations of reference substance and tested

compound, respectively, that produce identical percentages of radioli-
gand binding inhibition and R equals [free radioligandj/[receptor-

radioligand complex] for this given percentage of inhibition.
Ewe lamb uterus. The AT1 receptor subtype contained in ewe

lamb uterus membranes was inactivated by DTT treatment (20 mM, 1

hr at room temperature). The ability ofunlabeled LF 7-0156 to compete

with the binding of lnI�Sar1�AII to the AT, receptor (resistant to DTT

treatment) was evaluated in 30-�sg membrane samples in 90 �si of

binding buffer (50 mM Tris. HC1, pH 7.4, 125 mM NaCi, 6.5 mM MgC1,,

1 mM EDTA, 2 mg/ml BSA, 1 mg/ml bacitracin, 0.6% Me,SO). Esti-

mation of bound radioactivities was performed as described above.

CHO cell membranes. The binding medium was similar to that
used for rat liver membranes (no BSA, 0.1 mg/mi bacitracin). The
membrane amounts were 10 pg/assay (90-�si volume) and 125 ��g/assay

(450-id volume) for the binding of “�I-Sar’-AII and [3H]LF 7-0156,

respectively.

Intact CHO cells. CHO cells expressing the AT1A receptor were

grown in F-12 medium supplemented with 10% fetal calf serum (heat-

inactivated), 100 units/mi penicillin, 100 sg/mi streptomycin, and 400

�sg/ml Geneticin. Cells were plated in 12-well tissue culture clusters
and grown to confluence (about 5 x 10� cells/well). After removal of
the culture medium, the cells were washed twice with binding buffer
(phosphate-buffered saline, pH 7.4, 5 mM MgCl,, 0.1 mg/ml bacitracin,
0.6% Me,SO) and then incubated with 300 �sl of binding buffer, con-

taming various ligand concentrations, for 4 hr at 4, with gentle

agitation. The reaction was stopped by removal of medium, followed
by two rapid washings with ice-cold binding buffer. The cells were

collected after addition of 400 �zl of 0.1 N NaOH to each well and the
associated radioactivity was estimated by either ‘y or liquid scintillation

counting (after neutralization by addition of 100 �sl of 0.5 N acetic acid).

Results

Rabbit Aorta Functional Assay

LF 7-0156 did not change the basal tension of the arteries
but inhibited All-induced contraction in a concentration-de-

pendent manner, giving an IC� value of 3.6 ± 0.4 nM (mean ±

standard deviation of six experiments). Fig. 2A shows that LF

7-0156 produced a rightward shift of the concentration-con-
traction curve for All without affecting the maximal response.

Schild regression analysis of the effect of LF 7-0156 on All

gave a pA, value of 8.44 ± 0.41, with the slope of the regression

line being 1.0 ± 0.1 (Fig. 2B). These results indicate that LF

7-0156 is a potent and competitive antagonist of All receptor-

mediated responses.

A

c)

0

V

14

0

0

8 7 6

-log ( LLF7-01561 (M)

Fig. 2. Effects of LF 7-01 56 on contractions of the isolated rabbit aorta
in response to All. A, Cumulative concentration-contraction curves for
All in the absence (#{149})or presence of 10 (0), 1 00 (A), or 1000 n� (ti) LF
7-01 56. Values represent means ± standard errors of six experiments.
B, Graphical display of the antagonism of All by LF 7-01 56, according
to Schild regression analysis. The slope of the regression line was 1 .0 ±
0.1 . The calculated P42 valUe for LF 7-01 56 was 8.44 ± 0.41 . CR,
concentration ratio.
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Effect of LF 7-0156 on All-Induced Inositol Phosphate
Production

Saturating amounts of Sar’-AII (10_s M) were able to induce
a 4-fold increase in inositol phosphate accumulation in CHO
cells expressing the AT1A receptor. This effect was completely

blocked in the presence of i0� M LF 7-0156 (Table 1), which
confirms that the nonpeptide antagonist binds to the AT1

receptor, which is coupled to phospholipase C.

Inhibition of 125l-Sar1-All Binding to the Rat Liver AT1
Receptor

Binding assays were performed with purified rat liver mem-
branes, which contain only the AT1 subtype (36), predomi-

nantly the ATSA subtype (37). ‘251-Sar’-AII binding experiments

were usually carried out in the presence of 1 mg/ml BSA and 1

mg/ml bacitracin to prevent peptide hydrolysis by endogenous

proteases and nonspecific binding to membrane proteins. How-

ever, nonpeptide antagonists such as DuP 753 and its metabo-

lite Exp 3174 bind nonspecifically to BSA (38). The fact that

this trapping was shown to vary considerably with minor chem-

ical modifications of the antagonists (with an extreme value

being obtained for DuP 532) (38) emphasizes the difficulty of

designing standard assays allowing accurate evaluation of bind-

ing parameters.

The ability of our antagonist LF 7-0156 to compete with
“5I-Sar’-AII for liver membrane binding was checked under
various BSA and bacitracin concentration conditions. The op-

timal affinity values deduced from competition curves for the
nonpeptide antagonist were obtained in the absence of BSA

and in the presence of a limited amount of bacitracin (0.1 mgI
ml). Under these conditions, minor hydrolysis of the tracer

peptide occurred, as assessed by a slight rightward displacement

of competition curves obtained with unlabeled Sar’-AII in the

same experiment. All of the experiments included this compe-

tition curve with unlabeled Sar’-AII; the deduced experimental

K1 value for Sar’-AII (repeatedly found to be 0.6-0.7 nM, instead

of 0.3-0.4 nM as found in direct “51-Sarm-AII binding experi-

ments) was taken into account in the calculation of the K1 for

LF 7-0156, according to the method of Ekins et al. (34) applied

as described by Korenman (35).

LF 7-0156 (10_mi to 10’6 M) dose-dependently inhibited the

binding of “51-Sar’-AII to the rat liver AT1 receptor; total

reversal occurred at a concentration of 106 M. A K1 value of

12.1 ± 2.9 nM (five experiments) could be calculated from the

monophasic curve (Fig. 3). When tested in the same experi-

ment, DuP 753 and SK&F 108566, other selective AT1 receptor

ligands, inhibited the specific binding of ‘251-Sar’-AII with K1

values of 13.0 ± 3.5 nM (three experiments) and 7.2 ± 1.7 nM

Fig. 3. Inhibition by nonpeptide antagonists of 1251-Sar1-All binding to
purified rat liver membranes. Membrane samples were incubated in
triplicate with 125I-Sar1-AIl (0.2 nM), in the presence of various concentra-
tions of Sar1-All (0) (reference curve), LF 7-01 56 (#{149}),SK&F 1085664,
or DuP 753 (0), as described in Materials and Methods. The calculated
K, values (see Materials and Methods) for this typical experiment were
14.3 nr�i, 6.0 n�i, and 15.5 nM for LF 7-0156, SK&F 108566, and DuP
753, respectively. The data are representative of five separate experi-
mentsfor LF 7-01 56 (K, = 12.1 ± 2.9 nM)and three separate experiments
for DuP 753 (K, = 1 3.0 ± 3.5 nM) and SK&F 108566 (K, = 7.2 ± 1 .7 nM).

100�

0

F;80

�6O

0
‘a 40 -

1�

Cl)
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- 0� i i i I I I I

12 11 10 9 8 7 6 5

. log ( [LF7-01561 (M))

Fig. 4. Effect of LF 7-01 56 on 125l-Sar1-All binding to ewe lamb uterus
membranes. Samples of DIT-treated membranes were incubated in
triplicate with 125l-Sar1-AII (0.4 nM) in the presence of various concentra-
tions of LF 7-01 56, as described in Materials and Methods. The pre-
sented typical experiment was reproduced twice, with no significant
inhibition of radiolabeled peptide binding.

(three experiments), respectively; these values are consistent

with those obtained for both antagonists at AT, receptors from

various tissues (39, 40).
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Specificity of LF 7-0156 for the AT1 Subtype

TABLE 1

Effect of LF 7-0156 on All-induced inositol phosphate production
CHO cells expressing the AT1A receptor (prelabeled with myo-{2-’Hjinositol) were
incubated in the presence or absence of Sar’-All and LF 7-0156, as described in
Materials and Methods. Results (mean ± standard deviation of triplicate assays)
are expressed as dpm corresponding to inositol phosphate accumulation/cell
culture well. They refer to a typical experiment, which was reproduced twice.

lnosit� phosphate

accumu�tion

Control

dpm/welI

2091 ± 22
Sar1-All (1 O� M) 8401 ± 360
Sar1-All (10� M) + LF 7-0156 (10’s M) 1975 ± 158

LF 7-0156 is a potent antagonist of the vascular AT1 receptor

and inhibitor of ‘251-Sarm-AII binding to rat liver membranes.

To assess its specificity for the AT1 subtype, we checked its
ability to inhibit ‘251-Sar’-AII binding to the AT2 receptor. The

experiments were performed on ewe lamb uterus membranes

(which contain both AT1 and AT, receptors) that had been

previously treated with DTT to selectively abolish the binding

of All to the AT1 subtype (1). When tested at concentrations

up to i0-� M, LF 7-0156 did not significantly reduce the binding

of “5I-Sar’-AII to the AT, receptor from ewe lamb membranes

(the Kd of “51-Sar’-AII for this receptor was 0.4 nM; data not

shown) (Fig. 4).
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Association and Dissociation Kinetics of [3H]LF 7-0156

Binding to Rat Liver Membranes

Association of [3H]LF 7-0156 (Fig. 5) to rat liver membranes

revealed that equilibrium was reached with 20-30-mm incuba-

tion times; the dissociation of bound radioactive ligand pro-

duced by an excess of unlabeled compound was rapid, charac-
terized by a h_1 value of 0.126 min’. The h1 value subsequently

calculated from the association curve was 0.012 nM� min’.

The resulting k1/k, ratio (10.5 nM) is in agreement with K,
values deduced from equilibrium binding experiments (12.1 nM

for competition binding, 15.7 nM for direct radioligand binding

experiments).

Binding of [3H]LF 7-0156 to Rat Liver Membranes and
Comparison with [3H]DuP 753

The binding of [‘H]LF 7-0156 was studied with purified rat

liver membranes. The careful evaluation of nonspecific binding

required comparison of two types of assays, carried out in the

presence of an excess of either unlabeled All or unlabeled

nonpeptide ligand itself. The binding properties of [3HJLF 7-

0156 were compared, in the same experiment, with those of
[‘H]DuP 753, which displays significantly different structural

features and has been characterized previously (24).

Estimation of binding properties. [‘H]LF 7-0156 showed

saturable and reversible binding to rat liver membranes. Bind-

ing parameters deduced from Scatchard analysis were inde-

pendent of the excess unlabeled ligand used to evaluate non-

specific binding [Kd values of 12.6 ± 3.1 and 15.7 ± 4.8 nM and

Brnax values of 1.4 ± 0.8 and 1.8 ± 0.4 pmol/mg of protein with

excess Sar’-AII and LF 7-0156, respectively; three experi-
ments] (Fig. 6C). A minor distortion in the linearity of the
curve was observed only for high radioligand concentrations.
The Bm� value was consistent with that determined with a

saturating amount of “51-Sar’-AII (41). Nonspecific binding

appeared quite acceptable (Fig. 6A); it represented only 21% of

total binding for a ligand concentration of 75 nM, when meas-

ured in the presence of an excess of Sar’-AII.
In contrast, the analysis of [3H]DuP 753 binding to liver

membranes, carried out in the same experiment, revealed that

this nonpeptide antagonist interacts with a large number of

binding sites different from All receptors; indeed, whereas

0 20 40 60 80 100

Time (mm)

Fig. 5. Association and dissociation kinetics of [3HJLF 7-01 56 binding to
rat liver membranes. Rat liver membranes were incubated in the presence
of 2.4 n�.i [‘H]LF 7-01 56, as described in Materials and Methods, for
various periods of time. After 30 mm, an excess (8.5 �M) of unlabeled LF
7-01 56 was added and the decrease in radioligand binding was evalu-
ated. Calculation of k_1 and k1 (k_1 = 0.1 26 min1, k1 = 0.01 2 np,c’ min�)
allowed estimation of the dissociation constant (Kd = 1 0.5 nM). #{149},

association curve; 0, dissociation curve.

Fig. 6. Binding properties of[’HILF 7-01 56 and [‘H]DuP 753 with purified
rat liver membranes. The binding of [3H]LF 7-01 56 and [‘H]DuP 753 to
rat liver membranes was carried out as described in Materials and
Methods, with the nonspecific binding of both antagonists being esti-

mated in the presence of an excess of either unlabeled antagonist itself
or unlabeled Sar1-All. A and B, Saturation curves relative to [3HJLF 7-
01 56 (A) and [3H]DuP 753 (B) binding. #{149},Total binding; A and E�,
nonspecific binding measured in the presence of an excess of either
Sar1-AIl or unlabeled nonpeptide antagonist, respectively; #{149}and 0,
specific binding calculated under these two conditions. C, Scatchard
analysis of the data corresponding to a typical experiment. Binding of
[‘HJLF 7-01 56 was reversed by LF 7-01 56 (0) (K,, = 1 0.4 n�, B,�, =

1 .5 pmol/mg) or Sar1-AlI (U) (Kd = 10.4 n�, B� = 1 .4 pmol/mg of
protein) and binding of [‘H]DuP 753 was reversed by DuP 753 (#{149})or
Sar1-AII (0). The indicated values are the means of triplicate assays. The
presented data are representative of three separate experiments, which
gave similar results (binding of �H]LF 7-01 56 reversed by LF 7-0156,
Kd 1 5.7 ± 4.8 nM, B� = 1 .8 ± 0.4 pmol/mg of protein; binding of [3H]
LF 7-01 56 reversed by Sar1-All, K,, = 12.6 ± 3.1 n�, B,�, = 1 .4 ± 0.8
pmol/mg of protein; binding of [‘H]DuP 753 reversed by Sar1-All, Kd =

13.8 ± 0.8 nM, B� = 888 ± 126 fmol/mg of protein).
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linear Scatchard plots (Fig. 6C) were obtained when nonspecific

binding was measured with an excess of Sar’-AII (Kd = 13.8 ±

0.8 nM, Bm�, 888 ± 126 fmol/mg of protein, three experi-

ments), no saturation could be observed when excess unlabeled

DuP 753 was used. The values corresponding to both types of
assays (Fig. 6B) clearly demonstrate that liver membranes

display a high level of “pseudospecific” binding of DuP 753,

which is unrelated to All receptor sites; when measured in the
presence of an excess of Sar’-AII, the nonspecific binding of
[3H]DuP 753 reached 51% and 84% of total binding for 11 nM

and 87 nM ligand concentrations, respectively, whereas it was

limited to 7% and 15% when an excess of DuP 753 was used.

For unexplained reasons, the Bm� value for [3H]DuP 753

binding to All receptor sites was systematically found to be

lower than the Bmax value for [‘H]LF 7-0156; we have ruled out
the possibility that this could result from inaccurate estima-
tions of the specific radioactivities of the ligands.

These binding studies carried out on highly purified rat liver

membranes demonstrate that [‘H]LF 7-0156 is a convenient
nonpeptide ligand specific for the AT, receptor; its nonspecific

binding is much lower than that obtained with [‘HJDuP 753,

which binds pseudospecifically to a large number of membrane
sites other than angiotensin receptors.

Relationships between DuP 753 and LF 7-0156 bind-

ing sites. Because DuP 753 and LF 7-0156 present some

structural differences, it appeared interesting to determine

whether their binding sites are superimposable. The elevated

pseudospecific binding of [‘HJDuP 753 to membranes would
make it difficult to interpret competition with its binding by
unlabeled LF 7-0156; thus, we performed competition experi-

ments with [‘H]LF 7-0156 and unlabeled DuP 753. DuP 753

was able to inhibit the specific binding of [‘H]LF 7-0156 to the
rat liver receptor in a dose-dependent and monophasic manner
(Fig. 7); only 10% of the radiolabeled antagonist was not
displaced by the highest DuP 753 concentration (3 x 10_6 M).

0
V

14�
0

“a
a
a
0

.0

La
‘-4

C,,

5

Fig. 7. Inhibition by LF 7-01 56 and DuP 753 of [3H]LF 7-01 56 binding
to purified rat liver membranes. Membranes were incubated with [3H]LF
7-01 56(1 3.5 nM) and various concentrations of LF 7-01 56 (0) (reference
curve) or DuP 753 (#{149}),as described in Materials and Methods. The
calculated K, value [according to the method of Ekins et a!. (34, 35)] for
[‘H]LF 7-01 56 binding inhibition by DuP 753 was 35 n�. The presented
data refer to a typical experiment, which is representative of three
separate experiments (K,, = 30.8 ± 5.9 nM) The assays were carried out
in triplicate.

The calculated K, value relative to DuP 753 inhibition of [3H]

LF 7-0156 binding was systematically found to be higher (30.8

± 5.9 flM, three experiments) than that found for DuP 753

inhibition of ‘25I-Sar’-AII binding. Although the difference is

moderate, it suggests that LF 7-0156 and Sar’-AII binding sites

might not be fully superimposed and that the two nonpeptide

antagonists might display differences in their interactions with

the AT1 receptor.

Effect of reducing or alkylating agents on [3H]LF 7-

0156 binding to the AT1 receptor. Because All binding to
the AT, receptor was suppressed upon reduction of essential

disulfide bridges (1), it was interesting to determine whether

the same treatment affected nonpeptide antagonist binding;

DTT pretreatment of the membranes greatly affected [3H]LF

7-0156 binding, although some residual specific binding was

observed at the tested ligand concentrations (Table 2). Wid-

dowson et al. (42) and Chansel et at. (43) also found that the

binding of [‘H]DuP 753 to rat liver All-specific binding sites

was inhibited by DTT treatment.

Moreover, cysteine alkylation by N-ethylmaleimide was

found to decrease Sar’-AII binding to the rat liver receptor

(Table 2). Here again, [3H]LF 7-0156 recognition by the alkyl-

ated receptor was affected, compared with the control receptor

(Table 2). Consequently, the tested chemical treatments of the
receptor did not allow a striking discrimination between peptide

and our nonpeptide radioligand.

Binding of [3H]LF 7-0156 to the AT1� Receptor Expressed in
CHO Cells

As a prerequisite for future topographical studies involving

analysis of ligand binding to mutated receptors, we have deter-

mined the optimal conditions for [‘H]LF 7-0156 binding to the

AT1A receptor stably expressed in CHO cells.

Binding to membrane preparations. As with the rat liver

AT1 receptor, [3H]LF 7-0156 showed saturable and reversible

binding to crude membranes from CHO cells expressing the

AT1 subtype. The data were characterized by linear Scatchard
plots and the binding parameters were independent of the

method of evaluating nonspecific binding (saturation curves in

Fig. 8A), using an excess of either unlabeled Sar’-AII (Kd = 7.5

± 1.1 nM, Bmax 2.0 ± 0.3 pmol/mg of protein, three experi-

ments) or unlabeled LF 7-0156 (Kd = 7.9 ± 1.5 nM, B,,,�. = 2.1

TABLE 2

Effects of DTT and N-ethylmaleimide on agonist and nonpeptide
antagonist binding to rat liver All receptors
Rat liver membranes were treated for 1 hr with OTT or for 30 mm with N-
ethylmaleimide (NEM) at room temperature (pH 7.8) before radioligand binding
evaluation, as described in Materials and Methods. Data are expressed as the
percentage of binding observed for control membranes. They refer to a typical
experiment, which was repeated three times with similar results. The values
represent the means of triplicate experiments, with standard deviations of <10%,

Radic5gand

Res�1u� s�c hidng after membrane
Weatment

DU,
20mM

NEM

3mM 10mM 30mM

% of control

125l-Sar1-All
0.5nM
4nM

[3H]LF 7-01 56
1mM
75nM

1
6

16
26

56 21
75 40

89 33
100 55

4
13

9
24
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± 0.4 pmol/mg of protein) (Fig. 8B). The binding capacity was
similar to that found for “51-Sar’-AII with the same membrane
preparations. Apart from a better affinity of our tritiated non-

peptide antagonist for the CHO cell receptor than for the rat
liver receptor, the nonspecific binding of the antagonist ap-
peared to be reduced in CHO cell membranes (Fig. 8A).

Binding to intact cells. The purpose of this study was to

evaluate the affinity of [3H]LF 7-0156 for the AT1A receptor,

under conditions where cell disruption and membrane prepa-
ration have been avoided. The binding assays with intact cells
were performed at 4#{176},so that a 4-hr incubation period was

required to reach equilibrium. The binding properties of [‘H]

LF 7-0156 with intact cells were similar to those observed for
membrane preparations, with a slightly improved affinity (Kd
= 3.5 ± 0.5 nM, Bmax 1.2 ± 0.1 pmol/106 cells, mean of four

experiments) and still lower nonspecific binding (Fig. 9).

Discussion

LF 7-0156 is a new nonpeptide All antagonist, designed by

Fournier Laboratories (23); its ability to inhibit All-induced

contraction of rabbit aortic strips in vitro was characterized by

an IC,,� value of 3.6 nM. Moreover, it is devoid of any agonistic

activity. In the present study, we used LF 7-0156 as a novel

tool for the pharmacological characterization of the AT1 recep-

tor and for future mapping studies. This led us to synthesize

the tritiated compound [3H]LF 7-0156 and evaluate its binding

properties with several membrane or cell preparations.

Initial experiments showed that LF 7-0156 was a potent
competitor of the binding of “I-Sar1-AII to rat liver mem-

branes, which contain only the AT, receptor, predominantly

the AT1A subtype (36, 37); although lower than that of SK&F

108566 (K, = 7.2 nM), its affinity (K, = 12.1 nM) was found to

be similar to that of DuP 753 (K, = 13.0 nM), with the binding
parameters of the reference nonpeptide antagonists being con-

sistent with previously published data (39, 40). The specificity

for the AT, subtype was assessed from the inability of LF 7-

0156 to recognize the AT2 receptor from ewe lamb uterus.
The binding of [‘H]LF 7-0156 to purified rat liver membrane

preparations revealed a single class of high affinity sites; the

Kd value (12.6 nM) was in close agreement with that deduced

from competition experiments. The reversal of this binding by

an excess of either LF 7-0156 or Sar’-AII demonstrated that
only All receptor sites were labeled by the nonpeptide antago-

nist.

Our analysis also included the study of the properties of [‘H]

Nonpeptide Radioligand for the AT1 Receptor 699

0 0.4 0.8 1.2 1.6 2.0 2.4

Bound (pmollmg protein)

Fig. 8. Binding properties of 125l-Sar1-All and [3H]LF 7-01 56 with crude
membranes from CHO cells expressing the ATIA receptor. The binding
of usI�Sarl�All and [3H]LF 7-01 56 to membranes from CHO cells was
performed as described in Materials and Methods, with the nonspecific
binding of [‘H]LF 7-01 56 being determined in the presence of an excess
of either unlabeled antagonist itself or unlabeled Sar1-All. A, Saturation
curves, relative to [‘H]LF 7-01 56 binding. #{149},Total binding; 0 and A,
nonspecific binding measured in the presence of an excess of either
Sar1-All or unlabeled LF 7-0156, respectively; #{149}and L�, specific binding
calculated under the two experimental conditions. B, Scatchard analysis
of data corresponding to a typical experiment, measuring binding of 125��

Sar’-All (0) (Kd 0.6 n�i, B� = 2.3 pmol/mg of protein) or binding of
[3H]LF 7-01 56 reversed by LF 7-01 56 (#{149})(K,, = 6.3 nM, B�, = 2.2
pmol/mg of protein) or Sar1-All (0) (Kd = 6.7 n�, B� = 2.2 pmol/mg of
protein). The indicated values are the means of triplicate assays and are
representative of three separate experiments, which gave similar results
([3H]LF 7-0156 binding reversed by LF 7-0156, Kd = 7.9 ± 1 .5 n�, B�,
= 2.1 ± 0.4 pmol/mg of protein; [3H]LF 7-01 56 binding reversed by
Sar1-All, Kd 7.5 ± 1 .1 nM, B� = 2.0 ± 0.3 pmol/mg of protein).

Bound (pmolJlO6 cells)

Fig. 9. Binding properties of 1251-Sar1-All and [3HILF 7-01 56 with intact
CHO cells expressing the AT1A receptor. The binding of 1251-Sar1-All and
[3H]LF 7-01 56 to intact CHO cells expressing the AT1A receptor was
carried out as descnbed in Materials and Methods, with the nonspecific
binding of [3H]LF 7-01 56 being estimated in the presence of an excess
of either unlabeled antagonist itself or unlabeled Sar1-All. A, Saturation
curves, relative to [3H]LF 7-01 56 binding. 0, Total binding; 0 and A,
nonspecific binding measured in the presence of an excess of either
Sar1-All or unlabeled LF 7-01 56, respectively; S and E�, specific binding
calculated under the two experimental conditions. B, Scatchard analysis
of the data corresponding to a typical experiment, measuring binding of
125l-Sar1-AIl (0)(Kd 0.9 n�, B� = 1 .1 pmol/1 0� cells) or binding of [3H]
LF 7-01 56 reversed by LF 7-01 56 (5) (K,, = 3.9 np�i, B,� = 1 .2 pmol/
106 cells) or Sar1-All (0) (K,, = 3.9 n�, B�, = 1 .2 pmol/1 0#{176}cells). The
indicated values are the means of triplicate assays and are representative
of four separate experiments, which gave identical results (Kd = 3.5 ±
0.5 nM, B�, = 1 .2 ± 0.1 pmol/1 0� cells).
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2 5� Nouet, P. Dodey, P. Renault, D. Pruneau, R. Larguier, C. Lombard, T.
Groblewski, J. Marie, and J. C. Bonnafous, unpublished observations.

DuP 753. In addition to its binding to specific All sites (Kd =

13.8 nM), we found evidence for an important pseudospecific

binding of [‘H]DuP 753 to rat liver membranes; this binding

could hardly reach a saturation level and is obviously irrelevant

to receptor recognition. This problem of pseudospecific binding

was not reported in the initial work describing the properties

of [3H]DuP 753 (24) or the parent radioiodinated compound

‘251-Exp 985 (25). However, the fact that [‘H]DuP 753 can bind

to non-angiotensin binding sites in rat liver has been well

documented by Widdowson et al. (42) and Chansel et al. (43).

The same phenomenon was observed for the binding of [‘H]L-

158,809 (Merck Research Laboratories) to rat kidney mem-

branes and, to a lesser extent, to rat liver membranes (26). The

subnanomolar Kd values for this compound and for the Abbott

compound [‘H]A-81988 (27), which allow experiments to be

performed using lower concentration ranges, probably make

pseudospecific binding acceptable. The absence of the BPT

moiety in [‘H]LF 7-0156 can be postulated to be responsible

for its higher binding specificity, despite its significantly lower

affinity.

This unique structure, together with the properties described

in the present paper, make [‘H]LF 7-0156 an interesting phar-

macological tool. An important question concerns the compar-

ison of epitopes involved in the interaction of the AT, receptor

with angiotensin peptides and nonpeptide antagonists. Recent

studies on NK receptors (44, 45) or cholecystokinin-B/gastrin

receptors (46) emphasized discrimination between domains

involved in peptide and nonpeptide ligand recognition. More-

over, subtle changes in the structure of the receptors, afforded

by interspecies differences, have been shown to affect the

specificity for nonpeptide antagonists (46, 47). Quite recently,

Gether et al. (48) proposed that two nonpeptide tachykinin

antagonists act through epitopes located on corresponding seg-

ments of NK1 and NK2 receptors.

Concerning AT, receptor antagonists, an important issue is

the extent of spatial overlap between the active conformations

of structurally different molecules, i.e., DuP 753 or L-158,809,

compared with SK&F 108566 or LF 7-0156, which do not

possess the BPT moiety. Our preliminary competition experi-

ments with LF 7-0156 and DuP 753 indicate a noncomplete

coincidence of the binding sites for the two antagonists. It is

noteworthy that different modes of superimposition with All

itself have been proposed for DuP 753-related compounds (49)

and SK&F 108566-related compounds (50).

Obviously, genetic engineering of the AT1 receptor will allow

a better understanding, at the molecular level, of the topogra-

phy of its interaction with peptide ligands and various nonpep-

tide antagonists. In this respect the radiolabeled antagonist

[‘H]LF 7-0156 should constitute an appropriate tool, inasmuch

as its binding to intact CHO cells expressing the AT1A receptor

subtype is characterized by high affinity (Kd = 3.5 nM) and a

total absence of nonspecific binding. It will facilitate experi-

mentation on mutated receptors expressed in this cell system,

permitting accurate analysis of receptors possibly displaying

greatly decreased affinity, and will allow dissection of possible

differences in receptor amino acids essential for the recognition

of peptide or various nonpeptide ligands. Such differences are

exemplified by the recent cloning of Xenopus laevis heart (51,

52) and turkey adrenal (53) receptors, which have no affinity

or strongly reduced affinity for nonpeptide antagonists. A com-

plementary biochemical approach for the analysis of the non-

peptide binding site would consist of the covalent labeling of

the receptor with appropriate photoactivable probes. The lack

of nonspecific binding of [‘H]LF 7-0156, together with the

presence of the anthranilate moiety in the imidazole 5-position

chain of LF 7-0156, has allowed the synthesis of a closely

related compound suitable for AT, receptor photolabeling.’

Comparison of receptor photolabeling patterns using azido

peptidic (41) or nonpeptidic probes should be informative for a

comparative analysis of their binding sites.

Acknowledgments

The authors wish to thank S. Jard (INSERM U 401) and F. Bellamy (Labor-
atoires Fournier) for helpful discussions and M. Chalier and M. Passama for
manuscript preparation.

References

1. Whitebread, S., M. Mele, B. Kamber, and M. De Gasparo. Preliminary
biochemical characterization of two angiotensin II receptor subtypes.
Biochem. Biophys. Res. Commun. 163:284-291 (1989).

2. Chiu, A. T., W. F. Herblin, D. E. McCall, R. J. Ardecky, D. J. Carini, J. V.
Duncia, L. J. Pease, P. C. Wong, R. R. Wexier, A. L. Johnson, and P. B. M.
w. M. Timmermans. Identification of angiotensin II receptor subtypes.
Biochem. Biophys. Res. Commun. 165:196-203 (1989).

3. Chang, R. S. L., and V. J. Lotti. Two distinct angiotensin II receptor binding
sites in rat adrenal revealed by new selective nonpeptide ligands. Mo!.
Pharmo.coL 37:347-351 (1990).

4. Bumpus, F. M., K. J. Catt, A. T. Chiu, M. De Gasparo, T. Goodfriend, A.
Husain, M. J. Peach, D. C. Taylor, Jr., and P. B. M. W. M. Timmermans.
Nomenclature for angiotensin receptors: a report of the Nomenclature Corn-
mitee of the Council for High Blood Pressure Research. Hypertension (Dallas)

17:720-721 (1991).

5. Sasaki, K., Y. Yarnano, S. Bardhan, N. Iwai, J. J. Murray, M. Hasegawa, Y.
Matsuda, and T. Inagarni. Cloning and expression of a complementary DNA
encoding a bovine adrenal angiotensin II type 1 receptor. Nature (Land.)

351:230-233 (1991).

6. Murphy, T. J., R. W. Alexander, K. K. Griendling, M. S. Runge, and K. E.
Bernstein. Isolation of a cDNA encoding the vascular type 1 angiotensin II
receptor. Nature (Land.) 351:233-236 (1991).

7. Zhang, J. S., M. Enzeroth, and W. Vienen. Characterization of BIBS 39 and

BIBS 222: two new nonpeptide angiotensin II receptor antagonists. Eur. J.
Pharmacol. 218:35-41 (1992).

8. De Laszlo, S. E., C. S. Quagliato, W. J. Greenlse, A. A. Patchett, R. S. L.
Chang, V. J. Lotti, T. B. Chan, S. A. Scheek, K. A. Faust, S. S. Kivlighu, T.
S. Schorn, G. J. Zingaro, and P. K. S. Siegl. A potent orally active balanced
affinity angiotensin II AT, antagonist and AT2 binding inhibitor. J. Med.
Chem. 36:3207-3210 (1993).

9. Mukoyarna, M., M. Nakajiwa, M. Horiuchi, H. Sasamura, R. E. Pratt, and

V. J. Dzau. Expression cloning of type 2 angiotensin II receptor reveals a
unique class of seven-transrnembrane receptors. J. BiOI. Chem. 268:24539-
24542 (1993).

10. Karnbayashi, Y., S. Bardhan, K. Takahashi, S. Tsuzuki, H. Inui, T. Hamak-
ubo, and T. Inagarni. Molecular cloning of a novel angiotensin II receptor
isoform involved in phosphotyrosine phosphatase inhibition. J. Biol. Chem.
268:24543-24546 (1993).

11. Mantlo, N. B., P. K. Chakravarty, D. L. Ondeyka, P. K. S. Siegl, R. S. Chang,
V. J. Lotti, K. A. Faust, T. S. Chen, T. W. Schorn, C. S. Sweet, S. E. Emmert,
A. A. Patchett, and W. J. Greenlee. Potent, orally active irnidazo[4,5-b]
pyridine-based angiotensin II receptor antagonists. J. Med. Chem. 34:2919-
2922 (1991).

12. De, B., M. Winn, T. M. Zydowsky, D. J. Kerkrnan, J. F. DeBernardis, J. Lee,
S. Buckner, R. Warner, M. Brune, A. Hancock, T. Opgenorth, and K. Marsh.
Discovery of a novel class of orally active nonpeptide angiotensin II antago-
fists. J. Med. Chem. 35:3714-3717 (1992).

13. Olins, G. M., V. M. Corpus, E. G. McMahon, M. A. Palorno, J. R. Schuh, D.

J. Blehrn, H. C. Huang, D. B. Reitz, R E. Manning, and E. H. Blame. In
vitro pharmacology of a non-peptidic angiotensin II receptor antagonist, SC-

51316. J. PharmacoL Exp. Ther. 261:1037-1043 (1992).

14. Chang, L. L., W. T. Ashton, K. L. Flanagan, R. A. Strelitz, M. Mac Coss, W.
J. Greenlee, R. S. L. Chang, V. J. Lotti, K. A. Faust, T. B. Chen, P. Bunting,
G. J. Zingaro, S. D. Kivlighn, and P. K. S. Siegl. Triazolinones as nonpeptide
angiotensin II antagonists. 1. Synthesis and evaluation of potent 2,4,5-
trisubstituted triazolinones. J. Med. Chem. 36:2558-2568 (1993).

15. Bradbury, R. H., C. P. Allott, M. Dennis, E. Fisher, J. S. Major, B. B. Masek,
A. A. Oidham, R J. Pearce, N. Rankine, J. M. Revill, D. A. RObertS, and S.
T. Russell. New nonpeptide angiotensin II receptor antagonists. 2. Synthesis,
biological properties and structure-activity relationships of 2-alkyl-4-(bi-
phenylylrnethoxy)quinoline derivatives. J. Med. Chem. 35:4027-4038 (1992).

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


Nonpeptide Radioligand for the AT1 Receptor 701

16. Kim, K. S., L. Qian, J. E. Bird, K. E. J. Dickinson, S. Moreland, T. R.
Schaeffer, T. L. Waldron, C. L. Delaney, H. N. Weller, and A. V. Miller.
Quinoxaline N-oxide containing potent angiotensin II receptor antagonists:
synthesis, biological properties, and structure-activity relationships. J. Med.
Chem. 36:2335-2342 (1993).

17. Cazaubon, C., J. Gougat, F. Bousquet, P. Guiraudou, R. Gayraud, C. Lacour,
A. Roccon, G. Galindo, G. Barth#{233}l#{233}rny,B. Gautret, C. Bernhart, P. Perreaut,
J. C. Breli#{232}re,G. Le Fur, and D. Nisato. Pharmacological characterization of
SR 47,436, a new nonpeptide AT, subtype angiotensin II receptor antagonist.
J. Pharmo.col Exp. Ther. 265:826-834 (1993).

18. Criscione, L., M. De Gasparo, D. Buhlrnayer, S. Whitebread, H. P. Ramjoue,
and J. M. Wood. Pharmacological profile of CGP 48933, a novel nonpeptide
antagonist of AT1 angiotensin II receptor. J. Hyperteris. 10 (Suppl. 4):196
(1992).

19. Weinstock, J., R. M. Kennan, J. Samanen, J. Hernpel, J. A. Finkeistein, R.
G. Franz, D. E. Gaitanopoulos, G. R. Girard, J. G. Gleason, D. T. Hill, T. M.
Morgan, C. E. Peishoff, N. Aiyar, D. P. Brooks, T. A. Frederikson, E. H.
Ohlstein, R. R. Ruffolo, E. J. Stack, A. C. Sulpizio, E. F. Weidley, and R. M.

Edwards. 1-(Carboxybenzyl)irnidazole-5-acrylic acids: potent and selective
angiotensin II receptor antagonists. J. Med. Chem. 34:1514-1517 (1991).

20. Sircar, I., R. T. Winters, J. Quin III, G. H. Lu, T. C. Major, and R. L. Panek.

Nonpeptide angiotensin II receptor antagonists. 1. Synthesis and in vitro

structure-activity relationships of 4-[[[(1H-pyrrol-1-ylacetyl)amino]phenyl]

rnethyl]irnidazole derivatives as angiotensin II receptor antagonists. J. Med.
Chem. 36:1735-1745 (1993).

21. Middlerniss, D., G. M. Drew, B. C. Ross, M. J. Robertson, D. I. C. Scopes,

M. D. Dowle, J. Akers, K. Cardwell, K. L. Clark, S. Coote, C. D. Eldred, J.
Hamblett, A. Hilditch, G. C. Hirst, T. Jack, J. Montana, T. A. Panchal, J.
M. S. Paton, P. Shah, G. Stuart, and A. Travers. Brornobenzofurans: a new
class ofpotent, non-peptide antagonists ofangiotensin II. Bioorg. Med. Chem.

Lett. 12:711-716 (1991).
22. Bovy, P. R., D. B. Reitz, J. T. Collins, T. S Chamberlain, G. M. Olins, V. M.

Corpus, E. G. McMahon, M. A. Palorno, J. P. Koepke, G. J. Smith, D. E.
McGraw, and J. F. Gaw. Nonpeptide angiotensin II antagonists: N-phenyl-
1H-pyrrole derivatives are angiotensin II receptor antagonists. J. Med. Chem.
36:101-110 (1993).

23. Dodey, P., M. Bondoux, P. Renaut, and D. Pruneau. 4-Phenylarninoethylirn-

idazole derivatives: process for their preparation, angiotensin II receptor
antagonists and their application in therapy. European Patent Application
EP 564 356 (1993).

24. Chiu, A. T., D. E. McCall, P. E. Aldrich, and P. B. M. W. M. Timmermans.
[‘H]DuP 753, a highly potent and specific radioligand for the angiotensin II-
1 receptor subtype. Biochem. Biophys. Res. Commun. 172:1195-1202 (1990).

25. Chiu, A. T., D. E. Mc Call, and W. A. Roscoe. [‘9]EXP 985: a highly potent
and specific nonpeptide radioligand antagonist for the AT, angiotensin
receptor. Biochem. Biophys. Res. Commun. 188:1030-1039 (1992).

26. Chen, T. B., V. J. Lotti, and R. S. L. Chang. Characterization of the binding
of [3HJL-158,809: a new potent and selective nonpeptide angiotensin II
receptor (AT1) antagonist radioligand. Mo!. Pharrnacol. 42:1077-1082 (1992).

27. Hancock, A. A., B. W. Surber, G. Rotert, S. Thomas, A. S. Tasker, B. K.
Sorensen, A. D. Vodenlich, T. J. Opgenorth, D. J. Kerkrnan, and J. F.
DeBernardis. [‘H]A-81988, a potent, selective, competitive antagonist radi-
oligand for angiotensin AT1 receptors. Eur. J. Pharmacol. 267:49-54 (1994).

28. Aiyar, N., E. Griffin, A. Shu, R. Heys, D. J. Bergsrna, J. Weinstock, and R.

Edwards. Characterization of [3H]SK&F 108566 as a radioligand for angio-
tensin type-i receptor. J. Recept. Res. 13:849-861 (1993).

29. Delisee, C., P. Schaeffer, C. Cazaubon, and P. Chatelain. Characterization of
cardiac angiotensin AT, receptors by [3H]SR 47436. Eur. J. PharmacoL

247:139-144 (1993).
30. Bonnafous, J. C., M. Tence, R. Seyer, J. Marie, A. Aumelas, and S. Jard.

New probes for angiotensin II receptors: synthesis, radioiodination and
biological properties of biotinylated and haptenated angiotensin derivatives.
Biochem. J. 251:873-880 (1988).

31. Arunlakshana, 0., and H. 0. Schild. Some quantitative uses of drug antago-

nists. Br. J. PharmacoL 14:48-58 (1959).
32. Guillon, G., N. Gallo-Payet, M. N. Balestre, and C. Lombard. Cholera toxin

and corticotropin modulation of inositol phosphate accumulation induced by
vasopressin and angiotensin II in rat glomerulosa cells. Biochem. J. 253:765-
775 (1988).

33. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall. Protein
measurement with the Folin phenol reagent. J. BiOL Chem. 193:265-275
(1951).

34. Ekins, R. P., G. B. Newman, and J. L. H. O’Riordan. Radioisotopes in

Medicine: In Vitro Studies (L. H. Raymond, F. A. Goswitz, and B. E. P.
Murphy, eds.). United States Atomic Energy Commission, Division of Tech-
nical Information Extension, Oak Ridge, Tennessee, 59 (1968).

35. Korenman, S. G. Relation between estrogen inhibitory activity and binding

to cytosol of rabbit and human uterus. Endocrinology 87:1119-1123 (1970).
36. Dudley, D. T., R L. Panek, T. C. Major, G. H. Lu, R. F. Bruns, B. A.

Klinkefus, J. C. Hodges, and R. E. Weishaar. Subclasses of angiotensin II

binding sites and their functional significance. Mo!. PharmacoL 38:370-377

(1990).
37. Kitami, Y., T. Okura, K. Marumoto, R. Wakamiya, and K. Hiwada. Differ-

ential gene expression and regulation of type-i angiotensin II receptor
subtypes in the rat. Biochem. Biophys. Res. Commun. 188:446-452 (1992).

38. Chiu, A. T., D. J. Carini, J. V. Duncia, K. H. Leung, D. E. McCall, W. A.

Price, Jr., P. C. Wong, R. D. Smith, R. R. Wexler, P. B. M. W. M.
Timmermans, R. S. L. Chang, and V. J. Lotti. DuP 532: a second generation
of nonpeptide angiotensin II receptor antagonists. Biochem. Biophys. Res.

Commun. 177:209-217 (1991).

39. Bauer, P. H., A. T. Chiu, and J. C. Garrison. DuP 753 can antagonize the

effects of angiotensin II in rat liver. MoL PharmacoL 39:579-585 (1991).

40. Edwards, R. M., N. Aiyar, E. H. Ohlstein, E. F. Weidley, E. Griffin, M.
Ezekiel, R. M. Keenan, R. R. Ruffolo, and J. Weinstock. Pharmacological
characterization of the nonpeptide angiotensin II receptor antagonist SK&F

108566. J. PharmacoL Exp. Ther. 260:175-181 (1992).
41. Marie, J., R. Seyer, C. Lombard, F. Desarnaud, A. Aumelas, S. Jard, and J.

C. Bonnafous. Affinity chromatography purification of rat liver angiotensin
II receptor using biotinylated photoactivable probes. Biochemistry 29:8943-
8950 (1990).

42. Widdowson, P. S., A. Renouard, and J. P. Vilaine. Binding of [‘H]angiotensin
II and [3H]DuP 753 (losartan) to rat liver homogenates reveals multiple sites:

relationship to AT,� and AT1b type angiotensin receptors and novel nonan-
giotensin binding sites. Peptides 14:829-837 (1993).

43. Chansel, D., S. Vandermeersch, P. Pham, and R. Ardaillou. Characterization

of [‘H]losartan receptors in isolated rat glomeruli. Eur. J. PharrnacoL

247:193-198 (1993).
44. Gether, U., T. E. Johansen, R. M. Snider, J. A. Lowe III, S. Nakanishi, and

T. W. Schwartz. Different binding epitopes on the NK1 receptor for substance
P and a nonpeptide antagonist. Nature (Land.) 362:345-348 (1993).

45. Fong, T. M., R. R. C. Huang, and C. D. Strader. Localization of agonist and
antagonist binding domains of the human neurokinin-1 receptor. J. BiOL
Chem. 267:25664-25667 (1992).

46. Beinborn, M., Y. M. Lee, E. W. McBride, S. M. Quinn, and A. S. Kopin. A
single amino acid of the cholecystokinin-B/gastrin receptor determines spec-

ificity for non-peptide antagonists. Nature (Land.) 362:348-350 (1993).
47. Fong, T. M., H. Yu, and C. D. Strader. Molecular basis for the species

selectivity of the neurokinin-1 receptor antagonists CP-96,345 and RP 67580.

J. BiOL Chem. 267:25668-25671 (1992).

48. Gether, U., Y. Yokota, X. Emonds-Alt, J. C. Breli#{232}re, J. A. Lowe III, R. M.
Snider, S. Nakanishi, and T. W. Schwartz. Two nonpeptide tachykinin

antagonists act through epitopes on corresponding segments of the NK1 and
NK2 receptors. Proc. NatL Acad. Sci. USA 90:6194-6198 (1993).

49. Pierson, M. E., and R. J. Freer. Analysis of the active conformation of
angiotensin II: a comparison of All and nonpeptide All antagonists. Peptide

Res. 5:102-105 (1992).
50. Keenan, R. M., J. Weinstock, J. A. Finkelstein, R. G. Franz, D. E. Gaitano-

poulos, G. R. Girard, D. T. Hill, T. M. Morgan, J. M. Samanen, J. Hempel,

D. S. Eggleston, N. Aiyar, E. Griffin, E. H. Ohlstein, E. J. Stack, E. F.
Weidley, and R. Edwards. Imidazole-5-acrylic acids: potent nonpeptide an-
giotensin II receptor antagonists designed using a novel peptide pharmacop-
hore model. J. Med. Chem. 35:3858-3872 (1992).

51. Bergsma, D. J., C. Ellis, P. R. Nuthulaganti, P. Nambi, K. Scaife, C. Kumar,
and N. Aiyar. Isolation and expression of a novel angiotensin II receptor
from Xenopus laevis heart. MoL PharmacoL 44:277-284 (1993).

52. Ji, H., K. Sandberg, Y. Zhang, and K. J. Catt. Molecular cloning, sequencing

and functional expression of an amphibian angiotensin II receptor. Biochem.

Biophys. Res. Commun. 194:756-762 (1993).

53. Murphy, T. J., Y. Nakamura, K. Takeuchi, and R. W. Alexander. A cloned

angiotensin receptor isoform from the turkey adrenal gland is pharmacolog-
ically distinct from mammalian angiotensin receptors. MoL PharmacoL

44: 1-7 (1993).

Send reprint requests to: Jean-Claude Bonnafous, INSERM U 401, CCIPE,
rue de Ia Cardonille, 34094 Montpellier Cedex 05, France.

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/



