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Mutations in transmembrane segment VII of the AT1 receptor
differentiate between closely related insurmountable and
competitive angiotensin antagonists
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Chimeric constructs between the human and the Xenopus laevis AT, receptor have demonstrated, that
the binding of non-peptide angiotensin antagonists is dependent on non-conserved residues located deep
in transmembrane segment VII of the AT, receptor. Here we have studied four pairs of closely related
antagonists each consisting of a competitive and an insurmountable compound differentiated by one out
of three different types of minor chemical modifications. None of the antagonists bound to the Xenopus
receptor and the binding of all of the compounds to the human receptor was severely impaired by the
introduction of non-conserved residues from transmembrane segment VII of the Xenopus receptor. In all
four pairs of antagonists the competitive compound was affected more by these substitutions than the
corresponding insurmountable one (209 vs. 22, 281 vs. 29, 290 vs. 29 and 992 vs. 325-fold increase in Ki
values). A similar pattern was observed in response to substitution of a single non-conserved residue in
transmembrane segment VII, Asn295 to Ser. These results indicate that a common molecular mechanism
distinguishes the interaction of insurmountable and competitive antagonists with the AT, receptor.
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Introduction The newly developed non-peptide antagonists
for the angiotensin AT, receptor behave as competitive com-
pounds in binding assays with radiolabelled angiotensin II
(AII) (Wexler et al., 1992; Wienen et al., 1992; 1993). How-
ever, in bioassays a subset of these compounds exhibit insur-
mountable antagonism; i.e. the dose-response curve for the
agonist is not only shifted to the right, but the maximal
response is also reduced (Kenakin, 1987; Wexler et al., 1992;
Wienen et al., 1992; 1993).
By construction of chimeric receptors between the human

and the Xenopus AT, receptor, which does not bind the
non-peptide compounds (Bergsma et al., 1993), we recently
identified residues in transmembrane segment (TM) VII,
especially Asn295, to be important for the binding of non-
peptide ligands but not for angiotensin II (Schambye et al.,
1994). Surprisingly, insurmountable and competitive anta-
gonists were differently affected by these exchanges in TM-
VII as a larger decrease in binding affinity was observed for
competitive than for insurmountable compounds (Schambye
et al., 1994).

In the present study we have selected four pairs of closely
related angiotensin antagonists in which only a minor
chemical modification distinguishes the insurmountable com-
pound from its competitive counterpart. The chemical
differences were located in three different parts of the com-
pounds' common molecular scaffold (Figure 1).

Methods Rabbit aorta contraction after angiotensin II
stimulation was measured as previously described (Wienen et
al., 1992). The apparent dissociation constants, pKB, for com-
petitive and insurmountable antagonism were calculated as
described (Kenakin, 1987).

Chimeric receptors were constructed using an overlap
extension technique based on PCR, as described by Scham-
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bye et al. (1994). Constructs were verified by dideoxy-
nucleotide sequencing (Sequenase kit, U.S. Biochemicals
Co.).
The binding to wildtype human and Xenopus AT, and the

mutant receptors were studied in transfected COS 7 and
CHO cells (Gether et al., 1993). Binding experiments were
performed on whole cells for 24 h at 4°C, as described by
Schambye et al. (1994).

Peptide and non-peptide ligands Angiotensin II (AII) and
[Sar',Leu8]-AII were purchased from Peninsula (St. Helens,
Merseyside, UK). BIBR247, BIBR179, BIBR277, BIBR255,
BIBS39 and BIBR237 were synthesized by Drs N. Hauel and
B. Narr at Dr Karl Thomae GmbH, Germany. Losartan and
EXP3174 were kindly provided by P.B.M.W.M. Timmer-
mans [The DuPont Merck Pharmaceutical Company (Wexler
et al., 1992)].

Results All of the tested compounds were potent inhibitors
of AII-induced aortic contraction with a pKB of between 7.0
and 9.78 (Table 1). Four compounds (losartan, BIBR255,
BIBS39 and BIBR237) acted as classical competitive anta-
gonists and induced a parallel shift of the concentration-
contractile curve without depression of the maximal response
(Table 1), whereas four other compounds (EXP3174,
BIBR247, BIBRI79 and BIBR277) acted as insurmountable
antagonists, thus reducing the maximal response to agonist
stimulation by 24% to 60% (Table 1).

All of the non-peptide antagonists were bound with high
affinities by the wildtype human AT, receptor with K, values
ranging from 0.87 nM to 25.4 nM (Table 1). In contrast, none
of the non-peptide antagonists were able to displace the
'251-[Sar',Leu8]-AII from the Xenopus AT, receptor (results
not shown).
The chimeric AT, receptor constructs HX7-hAT,, where

TM-VII and the C-terminal tail of the human receptor were
exchanged with the corresponding segments from the
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Figure 1 Structure of the human angiotensin II AT, receptor and of the employed non-peptide angiotensin antagonists. (a)
Diagram of the human angiotensin AT, receptor (Bergsma et al., 1992) with the splice-junction for the chimeric receptor
HX7-hAT1 indicated by a crossing line and the Asn2" residue located in TM-VII indicated by an arrow: (0) amino acid conserved
between the human and the Xenopus AT, receptors (Bergsma et al., 1993); (0) amino acid residues specific for the human AT,
receptor. (b) and (c) The non-peptide antagonists are grouped according to their antagonist properties. The chemical differences
between the two compounds in each pair are indicated by circles.
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Table 1 Inhibition of angiotensin II (AII)-induced aortic contractions and binding affinity of peptide and non-peptide ligands for the
human wildtype receptor and chimeric human/Xenopus receptor constructs

Aorta contraction Receptor binding
(Asn295-Ser)

Reduction of Hwnan AT, HX7-hAT, hAT,
Ligand pK, (n) Max. response K, (nM) (n) K, (nM) (n) F,,m K, (nM) (n) Fmut

Angiotensin II - - 0.19 0.03 (7) 0.34 0.05 (3) 1.8 0.51 0.05 (7) 2.7
BIBS39 8.14 ± 0.08 (4) NR 8.90 ± 2.02 (6) 1865 ± 91 (4) 209 244 ± 26 (5) 27
BIBR179 7.00 (4) 32% 25.4 3.9 (9) 550 9 (5) 22 150 10 (5) 6
BIBR237 7.85 0.05 (3) NR 5.68 ±0.62 (9) 1594 140 (4) 281 168 15 (5) 30
BIBR277 9.48 (6) 60% 4.86 ± 0.98 (8) 143 ± 18 (5) 29 17.6 ± 2.7 (5) 4
BIBR255 7.85 0.05 (4) NR 6.02 0.77 (9) 1748 168 (4) 290 318 34 (5) 53
BIBR247 7.90 (3) 39% 1.77 0.49 (9) 52 7 (5) 29 9.9 1.3 (5) 6
Losartan (DuP753) 8.01 ± 0.02 (6) NR 1.42 0.35 (7) 1406i 207 (5) 992 107 ± 11 (5) 75
EXP3174 9.78 (4) 24% 0.87 ± 0.16 (7) 282 ± 33 (5) 325 14.8 ± 1.3 (5) 17

The pKB value for the compounds are given (mean ± s.e.mean, n = 3-6, mean only for insurmountable compounds). The reduction of
the maximum contractile response is measured in the presence of I ptM of antagonist. NR - no reduction. The antagonists are listed as
the chemically related pairs (see Figure 1). K1 values are presented in nM (mean ± s.e.). The effect of the mutations on the binding
affinity is expressed as the mutation factor, Fmut = K1 (mutant receptor)/Ki (human AT, receptor). B. values (mean ± s.e.mean,
n = 5-8): wildtype human AT,, 3.0 ± 0.8 fmol/105 cells; HX7-hAT,, 13.7 ± 3.8 fmol/105 cells; (Asn2"5+Ser)hAT1 4.9 ± 1.3 fmol/105
cells.

Xenopus receptor (Figure 1) and the (Asn295-Ser)hAT, mutant
both bound AII and [Sar',Leu8]-AII with affinities com-
parable to those of the wildtype receptors suggesting that the
mutant receptors have a normal overall structure (Table 1)
(Schambye et al., 1994). In contrast, the affinity of all of the
non-peptide compounds was severely reduced by the HX7-
hAT1 exchange, the K1 value increased 22 to 992 fold (the
mutational factor, Fmut, in Table 1). Substitution of Asn295
with Ser in TM-VII led to a decrease in binding affinity of 4
to 75 fold (Table 1). For each of the pairs of antagonists the
binding affinity of the competitive compound was more
reduced by the chimeric exchanges in TM-VII, than the
insurmountable counterpart was (Table 1). Thus, in HX7-
hAT1 the mutational factor for the four competitive
antagonists BIBS39, BIBR237, BIBR255 and losartan was
209, 281, 290 and 992, respectively, as compared to 22, 29, 29
and 325 for their insurmountable counterparts, BIBR179,
BIBR277, BIBR247 and EXP3174 (Table 1). In the
(Asn2 +Ser)hAT, mutant the same pattern was observed,
albeit the effect of this minor modification of the receptor
was smaller, with a mutational factor between 27 and 75 for
the competitive antagonists and between 4 and 17 for the
corresponding insurmountable compounds (Table 1).

Discussion The binding of all of the non-peptide antagonists
is critically dependent on non-conserved residues in TM-VII,
especially Asn295, - residues which do not seem to participate
in peptide binding (Schambye et al., 1994). DuP753 and
EXP3174 were more affected by the exchange of TM-VII
than the other six compounds. Possibly these relatively

smaller compounds (Figure 1) have fewer points of interac-
tion with the receptor, making binding more dependent upon
interaction with the non-conserved residues in TM-VII.

Despite the fact, that the chemical modifications, which
differentiate the four competitive compounds from their
insurmountable counterparts, are located in three different
parts of the compounds common molecular scaffold (Figure
1), the competitive analogue was in all four cases affected
approximately 10 fold more than the insurmountable one by
the substitutions in TM-VII (Table 1).

It is difficult to conceive of a direct common interaction
between, for example, Asn295 and the decisive chemical
moiety in all four pairs of antagonists, as the chemical
differences are located so differently (Figure 1 and Table 1).
More likely Asn2"5 either interacts directly with a common
chemical moiety of the antagonists, or the Asn295 to Ser
substitution changes the overall structure of the receptor and
thereby indirectly affects the binding of the antagonists in a
way which is more detrimental to competitive than the insur-
mountable compounds. In any case, as there is a strong
correlation between the compounds pharmacological proper-
ties and the degree to which they were affected by the muta-
tions these results indicate, that a common molecular
mechanism distinguishes insurmountable and competitive
antagonists in their interaction with AT1 receptors.
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