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SUMMARY

His?%@ (HisVI:16) of transmembrane segment (TM)-Vi of the rat
angiotensin type 1 (AT,) receptor was targeted for mutagenesis
to investigate its potential involvement in ligand binding. Sub-
stitution of His?%® with alanine, phenylalanine, glutamine, or
isoleucine did not affect the binding of either angiotensin Il or
nine different biphenylimidazole AT, antagonists. In contrast,
the binding affinity of the prototype imidazoleacrylic acid an-
tagonist SKF-108,566 was reduced 15-fold by the exchange of
His?5® with alanine. Substitution of His?%® with either isoleucine
or phenylalanine yielded similar results, whereas a glutamine
residue was able to substitute for His?%®, suggesting that the
e-nitrogen of His2%® could be involved in the interaction with the
imidazoleacrylic acid. To identify the chemical groups on SKF-

108,566 that interact with His2®® and with Asn?®®, a previously
identified interaction point for nonpeptide antagonists located
in TM-VII, we tested the binding of 15 analogs of SKF-108,566
in which different chemical moieties were systematically ex-
changed. The results indicated that the carboxyphenyl group of
SKF-108,566 interacts with the imidazole side chain of His2%,
The data did not point to any particular contact group on the
antagonist for Asn?®, it is concluded that the imidazoleacrylic
acid antagonists share some interactions in TM-VII of the AT,
receptor with the biphenylimidazole antagonists, but the bind-
ing of the imidazoleacrylic acid compounds is uniquely depen-
dent on His?®® in TM-VI, possibly through the carboxyphenyl
moiety.

The renin/angiotensin system is of critical importance in
the control of blood pressure and in water and electrolyte
homeostasis. Angiotensin II, the main effector hormone in
the system, exerts its effects through at least two different
receptors, designated AT, and AT, (1). All of the cardiovas-
cular and renal effects of angiotensin II are mediated by the
AT, receptor, whereas the function of the AT, receptor re-
mains to be determined (2). The cDNAs encoding both the
AT, and AT, receptors have been cloned, demonstrating that
these receptors belong to the large superfamily of G protein-
coupled receptors characterized by seven TMs (3-6).

Pharmacological intervention in the renin/angiotensin sys-
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Hoepital Foundation for Medical Research, Region of Copenhagen, The Faroe
Islands, and Greenland, and the Danish Biotechnology Center for Signal Peptide
Research.

tem using angiotensin-converting enzyme inhibitors is an
effective treatment for hypertension and congestive heart
failure. Blockade of the AT, receptor, which represents a
more direct approach, has recently become feasible with the
discovery of orally active, specific, nonpeptide antagonists
(7). From a common lead compound, the Takeda compound
CV-2947 (8), two series of antagonists have been developed
(7, 9) (Fig. 1). The majority of the compounds, including
losartan (DuP753) (7), are biphenylimidazole derivatives,
whereas one, SKF-108,566, is an imidazoleacrylic acid deriv-
ative (9) (Fig. 1). Molecular modeling of angiotensin II was
used in the development of both types of compounds, but
models and strategies differ substantially (7, 9). The major
difference is that the imidazole of CV-2947 was aligned with
the imidazole of His® of angiotensin II in the development of
losartan (7), whereas the imidazole of SKF-108,566 was su-
perimposed on the aromatic part of Pro’ (9). The basic as-

ABBREVIATIONS: AT, and AT, receptors, angiotensin type 1 and type 2 receptors; TM, transmembrane segment; PCR, polymerase chain

reaction.
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sumption in both cases was, however, that the compounds, in
spite of their very limited chemical resemblance to angioten-
sin II, structurally mimic the peptide and act by binding to
the same epitope(s) on the receptor as does the native ligand
(7,9, 10).

In a study of chimeric human and Xenopus laevis angio-
tensin AT, receptors, we recently found that the binding of
both types of nonpeptide antagonists is critically dependent
on nonconserved amino acid residues in TM-VI and -VII of
the human AT, receptor, residues that apparently have no
interaction with the peptide ligands (11). An asparagine res-
idue, Asn?®® (AsnVII:13) (12), in the middle of TM-VII (Fig. 2)
was found to be important for binding of all of the nonpeptide
antagonists, including losartan and SKF-108,566 (11). In
contrast, the binding of angiotensin II was found to be de-
pendent on residues in the amino-terminal extension and in
extracellular loops 1 and 3 (13). Exchange of these residues
did not affect the binding of the nonpeptide ligands.

Both angiotensin II and all of the nonpeptide ligands con-

a)

Fig. 1. Chemical structures of DuP753 (losartan)
and SKF-108,566 and their common lead com-
pound, the so-called Takeda (CV-2947) compound.

tain acidic moieties, which are important for their binding
(7). A possible counterpart for such acidic moieties could be
His?®® (HisVI:16), which is conserved in all mammalian AT,
receptors (Fig. 2) (3, 4, 14). This residue presumably points
inward in the receptor and corresponds to a tyrosine residue
(Tyr®%@ in the rat M3 receptor) in muscarinic receptors that
has been shown previously to be involved in ligand binding
(12, 15). In the present study we examine the role of His?*¢ in
the binding of AT, receptor ligands by exchanging it with a
series of other amino acid residues.

Materials and Methods

Peptide and nonpeptide ligands. Angiotensin II and
[Sar’,Leu®]-angiotensin II were purchased from Peninsula (St.
Helens, Merseyside, UK). SKF-108,566 and its analogs was synthe-
sized as described (9, 16-18). The following nonpeptide biphenylimi-
dazole antagonists were kindly provided: DuP753 (losartan, MK-
954) (19) (P. B. M. W. M. Timmermans, The DuPont Merck

Fig. 2. a, Structure of TM-VI and -Vil of the rat AT,
receptor. Black circles, His?*® (HisVI:16) and Asn?®® (As-
nVII:13). b, Side chains of histidine and glutamine resi-
dues, with indication of the positions of the e-nitrogens
(42).
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Pharmaceutical Co., Wilmington, DE), L-158,809 (20) (W. J. Green-
lee, Merck, Sharp & Dohme, Rahway, NJ), SC 51,316 (21) (G. M.
Olins, Searle & Company, St. Louis, MO), SR 47,436 (22) (D. Nisato,
Sanofi SA, Paris, France), ICI D8731 (23) (A. A. Oldham, ICI Phar-
maceuticals, Cheshire, UK), GR117,289 (24) (D. Middlemiss, Glaxo,
Ware, UK), BMS 180,560 (25) (M. A. Poss, Bristol-Myers Squibb
Pharmaceuticals, Princeton, NJ), and BIBS 39 (26) and BIBR 277
(27) (M. Entzeroth, Dr. Karl Thomae GmbH, Biberach, Germany).

Receptor mutagenesis. The rat AT, receptor cDNA was gener-
ously provided by Dr. T. J. Murphy (Emory University, Atlanta, GA)
(3) and the human AT, receptor cDNA by Dr. D. J. Bergsma (Smith-
Kline Beecham, King of Prussia, PA) (4). A ‘cassette’ gene was
initially generated from the rat receptor cDNA, as described previ-
ously (13). Mutant receptor cDNAs were constructed using the PCR
overlap extension technique (13, 28). The PCR fragments were di-
gested with Ndel and subsequently inserted, as approximately 200-
base pair fragments, into the similarly digested cassette gene cloned
in the expression vector pTEJ8 (29). PCRs employed Pyrococcus
furiosus polymerase (Stratagene), using conditions recommended by
the manufacturer. Temperature cycling consisted of 30 cycles of 94°
for 1 min, 50° for 1 min, and 72° for 1 min. All mutants were initially
identified by the presence of a diagnostic restriction site and subse-
quently verified by dideoxynucleotide sequencing (Sequenase kit;
United States Biochemicals).

Transfections and cell culture. The wild-type AT, receptors
and the mutated receptors were transiently transfected into COS-7
cells by the calcium phosphate precipitation method, according to
previously reported procedures (30). COS-7 cells were grown in Dul-
becco’s modified Eagle’s medium 1885, supplemented with 10% fetal
calf serum, 2 mM glutamine, and 0.1 mg/ml gentamicin, at 37° in a
humidified atmosphere of 10% C0,/90% air. All materials and media
used for tissue culture were purchased from GIBCO (Paisley, Scot-
land).

Binding experiments. Monoiodinated 2°I-[Sar!,Leu®]-angioten-
sin II was prepared by the Iodogen method and purified by reverse
phase high performance liquid chromatography, as described (11).
The transfected COS-7 cells were transferred to six-, 12-, or 24-well
culture plates (1-7 X 10* cells/well) 1 day after transfection and 24
hr before the binding experiments were performed. The number of
cells per well was based on the expression efficiency of the individual
plasmids, aiming at 5~-10% binding of the added radioligand in the
competition binding experiments. The cells were washed once in 256
mM Tris buffer, pH 7.4, containing 140 mM NaCl, 5 mm MgCl,, and
0.1% (w/v) bovine serum albumin (Sigma), and binding experiments
were performed for 24 hr at 4° with 50 pM 2°I-[Sar’,Leu®]-angioten-
sin I and a variable amount of unlabeled peptide or nonpeptide
ligand, in 0.5-1 ml of 25 mM Tris buffer, pH 7.4, containing 5 mMm
MgCl,, 0.1% (w/v) bovine serum albumin (Sigma), and 100 pg/ml
bacitracin (Sigma). All determinations were performed in triplicate,
and the nonspecific binding was determined as the binding in the
presence of 1 uM unlabeled [Sar!,Leu®]-angiotensin II. The specific
binding constituted >95% of the total binding. The binding data
were analyzed and ICg, values were determined by computerized
nonlinear regression analysis using Inplot 4.0 (GraphPad Software,
San Diego, CA). K, values for binding of radiolabeled [Sar’,Leu®]-
angiotensin II to the different receptors were estimated from com-
petition binding experiments with variable amounts of the corre-
sponding unlabeled peptide, using the equation K; = ICs;q — L
(where L is the concentration of free radioligand) (31). K; and B,
values were calculated using the equations K; = IC;/[1 + (L/K,)]
and B, = Bo(ICg/L).

Results

Exchanges of His?3, Substitution of His?°¢ (HisVI:16) in
the rat AT, receptor with alanine, isoleucine, phenylalanine,
or glutamine had minimal effect on the binding of the peptide
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Fig. 3. Competition binding profiles for angiotensin Il (upper), DuP753
(losartan) (middle), and SKF-108,566 (Jower) with the wild-type rat AT,
receptor and the His?%® to alanine rat AT, mutant receptor transiently
expressed in COS-7 cells. ®, Wild-type; B, His?®*® to alanine mutant.
Data are expressed as percentage of maximum specifically bound
125).[Sar" Leu®]-angiotensin Il (mean * standard error, three to five
experiments).

ligands angiotensin II and [Sar!,Leu®]-angiotensin II (Fig. 3;
Table 1). The binding of losartan (Figs. 1 and 3) and eight
other antagonists of the biphenylimidazole class (L-158,809,
BIBR 277, BIBS 39, GR117,289, BMS 180,560, SR 47,436,
ICI D8731, and SC 51,316) (data not shown) was likewise
unaffected by these mutations. In contrast, exchange of
His?5® with alanine reduced the binding affinity of the imi-
dazoleacrylic acid SKF-108,566 by a factor of 15.3 (Table 2)
[the effect of the mutations on the binding affinity is ex-
pressed as the mutation factor, F(mut) = K;(mutant recep-
tor)/K(wild-type AT, receptor)]. Exchange with isoleucine or
phenylalanine led to the same degree of reduction of affinity,
whereas substitution with glutamine did not change the af-
finity for SKF-108,566 (Table 1).

Binding of SKF-108,566 analogs to the wild-type rat
AT, receptor. Analogs in which the carboxyl group in the
para-position of the phenyl ring (SKF-107,011, SKF-108,728,
SKF-108,867, and SKF-108,815) (Table 2) or the correspond-
ing carboxyl group on the naphthalene ring (SB-205,390)
(Table 3) was removed or changed were bound with reduced
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TABLE 2

K, values of SKF-108,566 and analogs for the wild-type rat receptor and the His** to alanine (TH258A]JrAT,) and Asn*® to serine

(IN295S]rAT,) mutants

The effect of the chemical difference between SKF-108,566 and the analogs on the affinity for the wild-type rat AT, receptor is

expressed as the analog factor, Flana)

= K{(analog)//K(SKF-108,566). The effect of the mutations on the binding affinity is expressed as the mutation factor, F{(mut) = K{mutant receptor)/K/rat AT, receptor).

H‘ Rz\ / »\/\/CH’
|
fo} X
Wild-type rat AT, [H256A]rAT, [N295S]rAT,
Compound X Ry R,

K m  Rana) K n  Rmut) K n  Rmut)

n ™ M
SKF-108,566 4-CO,H OH CH,-2-thienyl 54+09 20 1.0 828+132 8 153 134 + 9.8 4 25
SKF-107,011 2-Cl OH CH,-2-thienyl 1016*+190 5 187 4639+392 3 46 >10,000 3 >100
SKF-108,728 3-CHg, 4-OH OH CH,-2-thienyl 1955+248 6 361 1,450=*180.1 3 74 7658+2206 3 39
SKF-108,867 4-CN OH CH,-2-thienyl 280.5 + 9.5 3 518 1924+108 3 6.9 ~10,000 3 ~36
SKF-108,815 4-2'-Car- OH CH,-2-thienyl 2789+394 6 515 6149*1120 3 22 38961377 3 14

boxyphenyl
SB-200,424 4-CH,CO,H OH CH,-2-thienyl 5.0+ 0.9 3 09 1262+254 3 253 810 = 41 3 163
SKF-109,059 4-CO,H NH, CH,-2-thienyl 15+ 0.1 6 03 26.7 = 5.7 3 176 86.7 + 6.4 3 57
SB-208,754 4-COH OC,Hs CH,-2-thienyl 11+02 7 02 99 +20 3 9.3 36444 3 37
$B-200,491 4-COH OH n-Butyl 178+ 23 6 33 3371+x318 3 189 747 * 165 3 42
S$B-201,529 4-COH OH CH,-phenyl 1862 + 25 6 30 2347119 3 145 705 = 133 3 44
$B-201,972 4-COH OH H 495+ 28 6 91 2251*328 3 46 3,540 + 211 3 72
Angiotensin I° 0.19+0.03 10 ND° 051+005 7 2.7
® n, number of

®The
was 202 + 34 fmol/10° celis (mean + standard error, seven
€ ND, not determined.

TABLE 3

experiments.
affinity of angiotensin Il was measured in the homologous wild-type and Asn?® to serine human AT, receptors. The B, value for the Asn?® to serine mutant
seven experiments).

K, values of naphthalene derivatives for the wild-type rat receptor and the His?>® to alanine ([H256A]rAT,) and Asn®*® to serine

(IN298S]rAT,) mutants

Compounds SB-203,220, SB-204,889, and SB-205,390 refer to structure A, whereas SB-204,403 and SB-205,706 refer to structure B. The effect of the chemical
difference between SKF-108,566 and the analogs on the affinity for the wild-type rat AT, receptor is expressed as the analog factor, Flana) = K{analogy/K{SKF-
108,566). The effect of the mutations on the binding affinity is expressed as the mutation factor, F{mut) = K{mutant receptor)/K{rat AT, receptor).

g U

[H256A]rAT, [N295S})rAT,
Compound Structure Ry
K n  Rmut) K n  Rmut)
nw I M
$B-203,220 A H H 470+x52 5 8.7 37126 3 08 268 +65 3 6
SB-204,889 A H CoHg 146+27 6 27 20105 3 14 243+67 3 17
SB-205,390 A CoHg H 952+119 6 176 1069+x104 3 1.1 >10,000 3 >100
SB-204,403 B H 1832+511 3 338 3172=*x412 3 1.7 7526 +315 3 41
SB-205,706 B trans-CH=CHCO,H 60875 3 11.2 940+x13 3 14 4205+64 3 69

® n, number of experiments.

and uniquely dependent on His?5® in TM-VI, conceivably
through a carboxyphenyl/imidazole interaction.

His?%¢ (HisV1:16) corresponds to a known ligand-binding
residue in muscarinic and adrenergic receptors (12, 15, 33). It
has been speculated that all agonists for G protein-coupled

receptors, including peptides, bind in a pocket that corre-
sponds to the ligand binding site in the small-messenger
receptors (34, 35). Thus, it would be expected that the bind-
ing of angiotensin II would be affected by substitution of
His?%¢. However, exchange of His?%® with alanine, isoleucine,
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phenylalanine, or glutamine had no effect on the binding of
the peptide ligands angiotensin II and [Sar?,Leu®]-angioten-
sin II (Fig. 3; Table 1). This demonstrates that His?5 is not
the counterpart for the terminal carboxyl group in angioten-
sin II, which is known to be very important for binding and
activity (36). More likely, the carboxyl-terminal carboxyl
group interacts with Lys'®® (LysV:08), as suggested previ-
ously (37). Interestingly, it was recently shown that mutation
of Val'® in the AT, receptor, which corresponds to the im-
portant Asp'!® in TM-III of the hamster B,-adrenoceptor
(AsplII:08), a residue that is totally conserved in monoamine
receptors and is known to interact with both agonists and
antagonists (12, 33), also did not affect the binding of angio-
tensin II but reduced the affinity of losartan 38-fold (38).
These observations are analogous to previous findings in the
tachykinin system, where a substitution in TM-VI did not
affect peptide binding, whereas the binding affinity of some
nonpeptide tachykinin antagonists was decreased (39). Con-
sequently, it is likely that peptide agonists, at least in the
angiotensin and tachykinin systems, do not bind in a pocket
corresponding to the agonist binding site in the small-mes-
senger receptors.

Substitution of His2%® with alanine, isoleucine, or phenyl-
alanine reduced the binding affinity of the imidazoleacrylic
acid nonpeptide antagonist SKF-108,566. The effect of the
mutation of His?®¢ on the binding affinity of SKF-108,5666
may be indirect, but because only the monophenylimidazole
analogs and neither the biphenyl compounds nor the naph-
thalene analogs were affected by the mutations it seems
likely that the decreased binding affinity was due to a direct
effect.

We previously found that the binding of SKF-108,566 was
affected quantitatively similarly to that of the other antago-
nists by mutations in TM-VI and -VII, e.g., Asn?®® (11). It is
concluded that, although SKF-108,566 appears to share
many points of receptor interaction with the biphenylimida-
zole antagonists, it is uniquely dependent on His?%¢, which is
located in the middle of TM-VI of the AT, receptor.

Analyses of the binding of analogs may provide informa-
tion about the receptor binding domains of ligands (33, 40).
Analogs lacking a moiety that in the prototype compound
interacts with a particular residue would be expected to be
resistant to mutational exchanges of this residue. In con-
trast, the prototype compound and other analogs would bind
with reduced affinity to the mutated receptor (40). In other
words, the binding energy that has already been diminished
by removal of the moiety from the compound would not be
further reduced by removal of the corresponding interaction
point on the receptor.

The present data suggest that the carboxyl group in the
para-position of the phenyl ring of SKF-108,566 interacts
with His?%¢, because analogs lacking this group were bound
with lower affinities by the wild-type receptor and were less
susceptible to exchanges of His2%® (Table 2). Furthermore, it
appears that in the naphthalene compounds conformational
restriction prevents interaction between the carboxyl group
and His?®®, because the affinities of these analogs for the
wild-type receptor were lower than that of SKF-108,566 and
the binding of these compounds was unaffected by the His?%¢
to alanine mutation.

It is interesting to note that SB-200,424, in which the
carboxyl group is in the para-position but there is a CH,

group between the phenyl ring and the carboxyl group, in-
teracted as well as SKF-108,566 with the wild-type AT,
receptor and was affected by the His?®¢ to alanine mutation
just as was SKF-108,566. It is thus suggested that the car-
boxyl group in this analog retains the interaction with His256,
The present findings thus do not support the proposal that
the carboxyl group of SKF-108,566 and the tetrazole of losar-
tan (Fig. 1) should mimic each other and bind to the same
area of the receptor as Tyr* of angiotensin II (7, 9, 10).

Exchange of His?*® with glutamine led to affinities to
SKF-108,566 comparable with those of the wild-type receptor
(Table 1). This is in agreement with findings with tachykinin
receptors, where it has been shown that glutamine can sub-
stitute for histidine residues in TM-V and -VI (39, 40). The
e-nitrogen of a histidine residue is in approximately the same
position as the nitrogen atom in glutamine, indicating that
the e-nitrogen of His?®® interacts with the carboxyl group of
SKF-108,566, presumably through a charged or hydrogen
bond interaction (39, 40).

The binding of all analogs was affected by substitution of
Asn?®® (Tables 2 and 3). This indicates that Asn®®® is an
important interaction point for these compounds, suggesting
that a chemical group common to all of the analogs interacts
with Asn?%5, Because only the phenyl ring, the imidazole, and
the butane group are common to all analogs (Fig. 1; Tables 2
and 3), it is likely that Asn?®® interacts with the phenyl or
imidazole group in an amino/aromatic interaction (41). This
is supported by previous findings that chemically divergent
biphenylimidazole derivatives sharing only these two ring
structures were all affected by exchange of Asn?%® (11, 32).
We cannot, however, exclude an indirect effect of the ex-
change of Asn?%5, because this residue may be important for
stabilizing the receptor in a conformation that binds antag-
onists with high affinity.

Interestingly, the binding of SB-205,390, in which the car-
boxyl group in the para-position of the naphthalene ring is
replaced by an ester, was reduced much more than the bind-
ing of the homologous SB-203,220 and SB-204,889, which
both retain the carboxyl group. This further corroborates the
idea that this carboxyl group does not interact with Asn?®°%,
because exchange of the carboxyl group and the mutation
reduce the binding affinity synergistically. In conclusion, the
present data suggest that the imidazoleacrylic acid SKF-
108,566 shares some interaction points, in particular Asn?9%,
on the AT, receptor with the biphenylimidazole derivatives.
However, the dependence on His?®® is unique, and presum-
ably the e-nitrogen of His2%¢ could be involved in the inter-
action with the carboxyl group in position 4 of the phenyl ring
(Fig. 1).
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