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Abstract.

The present study was designed to examine the binding affinity and functional potency

of selective angiotensin II type 1 (AT;)-receptor antagonists towards specific mutants of AT, re-
ceptor using site-directed mutagenesis. We also compared our results with the wild-type AT, re-
ceptor and investigated the possible reasons behind that. Both wild-type and mutant receptors were
expressed in COS-7 cells and the binding affinities of the antagonists were determined by radioli-
gand binding assay. Inhibition of agonist-stimulated inositol phosphate accumulation by the an-

tagonists was also done. Substitution of asparagine

3 of intracellular loop 3 of the AT} receptor by

arginine increased the binding affinity of the antagonists 5 — 34-fold, whereas the increase in the

binding affinity of the antagonists in the phenylalanine

% mutant by arginine and tryptophan

(F239R and F239W) were 3 — 19-fold and 2 — 15-fold higher, respectively, compared to the wild-
type AT, receptor. The results suggested that substitution by a positively charged or sterically
hindered amino acid in the AT, receptor allows it to interact with the acidic tetrazole moiety and
carboxylate groups of the antagonists more strongly compared to the wild-type receptor. These
findings may play an important role to change the binding affinity of the antagonists to an effective
level for the pharmacological function of the drugs.

Keywords: site-directed mutagenesis, angiotensin II type 1 (AT)) receptor, radioligand binding,
binding affinity, antagonist

Introduction

In our previous study we identified the binding sites of
non-peptide angiotensin I (Ang II)—receptor antagonists
with Ang Il type 1 (AT)) receptor by molecular modeling
(1). We also showed the binding affinity and internaliza-
tion behavior of the constitutively active mutant (CAM)
N111G of AT, receptors in our earlier studies (2). The
Ang II receptors are the members of the G-protein—cou-
pled receptor (GPCR) superfamily, which form one of
the largest protein families, with several hundred mem-
bers in humans (3). Despite the wide variety of ligands
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and physiological roles, all these receptors are structur-
ally characterized by seven transmembrane (TM) do-
mains. Two subtypes of Angll receptors have been
identified (4, 5) and functionally characterized: Ang Il
type 1 (AT)) and type 2 (AT,) receptors (6). The AT,
receptor mediates virtually all the known physiological
actions of Ang II, including vascular contraction, aldo-
sterone secretion, sodium and water retention, neuronal
activation, and cardiovascular cell growth and prolifera-
tion (7, 8). The AT, receptor is an important target for
drug development because abnormalities in its function
are linked to hypertension, water-electrolyte imbalance,
hyperaldosteronism, cardiac hypertrophy, and heart
failure (9). Ang II-receptor blockers (ARBs) are highly
selective for AT, receptors. In addition to their blood
pressure—lowering effects, ARBs have been shown to
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promote regression of left ventricular hypertrophy and
decrease cardiovascular morbidity and mortality in pa-
tients with heart failure or hypertensive diabetic neph-
ropathy with proteinuria (7).

Although the receptor structure—function relationships
vary markedly, changes in seven TM helical structures
on GPCRs are essential for signal transduction. The ac-
tivation of GPCRs has been proposed to involve a com-
mon pattern of movement of TM helices that is likely
conserved in all GPCRs (10, 11). Ang II binds to the AT,
receptor and induces cell signaling accompanied by
changes in the TM3-TM6 conformation (12). The AT,
receptor binds a peptide ligand and does not share sig-
nificant overall homology with other receptors of the
seven-TM domain family (13). Peptide antagonists have
higher affinity toward the AT, receptor, suggesting that
they bind in a unique conformation to the receptor (14).
Recent mutational studies of the AT, receptor have
shown that differential structural requirements exist for
peptide and non-peptide ligand binding sites on the AT
receptor (15— 18).

Binding of non-peptide AT,-receptor antagonists may
be dependent on non-conserved residues located deep in
the hydrophobic TM segments of the AT, receptor, as
demonstrated by mutational analysis of AT, receptors
(13, 14, 17 — 22). Through site-directed mutagenesis, in
our previous study, we showed the binding affinities of
Ang II and several ARBs to the wild-type and CAM
N111G of AT, receptors in which it was demonstrated
that the binding affinities of the ARBs decreased in the
N111G mutant compared to wild-type receptors (2). In
this study, we mutated important amino acids (Fig. 1) of
the AT, receptor using site-directed mutagenesis and ana-
lyzed these mutants by binding studies and inositol
phosphate (IP) accumulation assay mutants. We con-
firmed that the binding affinities of the non-peptide an-
tagonists of the AT, receptor increase in all the mutants
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compared to the wild-type receptor.
Materials and Methods

DNA constructs

The synthetic rat AT;-receptor gene, cloned in the
shuttle expression vector pMT-2, was used for expres-
sion and mutagenesis, as described in earlier studies (23).
The mutants were prepared by the polymerase chain re-
action (PCR) method with the QuichChange Site-Directed
Mutagenesis Kit (Stratagene, La Jolla, CA, USA). DNA
sequence analysis was done to confirm the mutation.

Cell culture, transfection, and membrane preparation
COS-7 cells were cultured in Dulbecco’s Modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum, 100 U/ml penicillin, and 100 ug/ml strep-
tomycin in 5% CO; at 37°C. The wild-type and mutant
AT, receptors were transfected transiently into COS-7
cells using Lipofectamine™ 2000 according to the manu-
facturer’s protocol (Invitrogen Life Technologies,
Rockville, MD, USA). To express the AT;-receptor
protein, 12 ug of purified plasmid DNA/107 cells was
used in the transfection. Transfected COS-7 cells that
had been cultured for 48 h were harvested with ice-cold
phosphate-buffered saline (PBS), pH 7.4; washed by
Hank’s buffered salt solution (HBSS) with 1.5% 0.5 M
EDTA, 0.15% 50 mg/ml PMSF, and 0.15% 2 mg/ml
aprotinin; and finally suspended in 0.25 M sucrose solu-
tion containing 1.5% 0.5 M EDTA, 0.15% 50 mg/ml
PMSF, and 0.15% 2 mg/ml aprotinin. The cells were
then disrupted by a Polytron Homogenizer for 10 s. The
mass was centrifuged at 4°C for 5 min at 1260 x g, and
the supernatant was ultra centrifuged at 4°C for 20 min
at 30,000 x g. The resulting pellets were suspended in
the binding assay buffer and used for binding experi-
ments. The protein contents of the membranes were
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Fig. 1. Chemical structure of some important amino acids.
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measured by the method of Lowry et al. (24) using bovine
serum albumin as the standard.

Radioligand binding assay

Binding assays for the wild-type and mutants of AT,
receptors were carried out in the incubation tube that
contained 10 ug of membrane protein, ['*I]-Sar'-Ilu®-
angiotensin I, unlabeled drug as required, and binding
buffer containing 20 mM phosphate buffer, 100 mM
sodium chloride, 20 mM magnesium chloride, 1 mM
EGTA, and 0.2% BSA, pH 7.4 in a final volume of 125
(1. Both saturation and competition binding assays were
carried out as described previously (25, 26). Briefly, for
saturation binding studies, 6 — 7 concentrations (5 — 800
pM) of ['*I]-Sar'-Ilu*-angiotensin II were tested in du-
plicate. Nonspecific binding was defined as the amount
of radioligand binding remaining in the presence of 10
uM Ang I1. For competition binding studies, membranes
were incubated with 250 pM of ['*’I]-Sar'-Ilu®-angio-
tensin I and different concentrations of unlabelled drugs
for 1 h at 25°C. The incubation was terminated by rapid
filtration under vacuum through Whatman GF/C filters
that had been presoaked in 0.5% polyethyleneimine fol-
lowed by three times washing with ice-cold 50 mM tris
HCI (pH 8.0). The bound ligand fraction was determined
from the counts/min remaining on the membrane.

1P accumulation assay

COS-7 cells at about 90% confluence in 10-cm dishes
were seeded into 24-well plates. The cells were then
transiently transfected with plasmid DNA of the wild-
type and mutants of AT, receptors. At 24 h after transfec-
tion, the cells were labeled with 1 xCi/ml [*H]-myo-
inositol in DMEM and incubated for 20 h at 37°C. The
cells were washed with HBSS and exposed to HBSS
containing 20 mM phosphate buffer and 20 mM LiCl, pH
7.4. The cells were incubated for 30 min at 37°C. Agonist
and antagonists were added to each well and incubation
continued for an additional 1 h at 37°C. At the end of the
incubation, the medium was removed and the reaction
was stopped by adding 1 ml of 10 mM formic acid (pre-
viously stored at 4°C) to each well. The plates were
stored at 4°C for 2 h, and then the cells were neutralized
by 1 ml 500 mM KOH and 9 mM sodium tetraborate per
well. The contents of each well were extracted and cen-
trifuged for 5 min at 1400 x g and the upper layer was
transferred to a 1-ml AG1-X8 resin (100 — 200 mesh;
Assist Co., Tokyo)—loaded column. The columns were
washed 2 times with 5 ml 60 mM sodium formate and 5
mM borax. Total [Ps were eluted with 5 ml 1 M ammo-
nium formate and 0.1 M formic acid. Radioactivity was
measured by a liquid scintillation spectrophotometry.

Data analyses

Nonlinear regression analyses of saturation and com-
petition binding assay were performed by GraphPad
Prism software (San Diego, CA, USA). The results of
experiments were expressed as the mean+ S.E.M. In
competition binding experiments, the values of inhibition
constant (K;) were calculated by the following equation
(27):

Ki=1Cso/ {1 + ([L] /Kd)}

, where the inhibition concentrations (ICso) were deter-
mined as the concentrations of ligands that inhibited
['*1]-Sar'-Ilu*-angiotensin II binding by 50%, [L] = the
concentration of ['*I]-Sar'-Ilu®-angiotensin II used, and
Kq = the dissociation constant of ['*°I]-Sar'-Ilu*-angio-
tensin II for the receptor. In the IP accumulation assay,
ICsovalues were calculated by nonlinear regression analy-
sis using GraphPad Prism software. Statistical analyses
were performed by Student’s unpaired #-test (two-tailed).
A P value of less than 0.05 was taken as significant.

The pK, values were estimated from the inhibitory
effects of the antagonists on the concentration-dependent
total IP accumulation curve for human Ang II according
to the literature by Furchgott (28). pK, = negative loga-
rithm of K, value, where K, value was determined using
the following equation:

(ECso antagonist / ECso agonist) — 1 = [B] / K,

, where ECs antagonist = concentration of agonist in
presence of a particular concentration of antagonist
([B]) at which 50% of total IP is produced, ECs, agonist
= concentration of agonist at which 50% of total IP is
produced, K, = dissociation constant of antagonist. The
agonist and antagonist ECs, values were calculated by
nonlinear regression analysis using GraphPad Prism
software. Statistical analyses were performed by Stu-
dent’s #-test.

Drugs

Ang II used in the study was purchased from Peptide
Institute, Inc., Osaka. Candesartan was obtained as gift
from Takeda Chemical Industries Ltd., Osaka. Losartan
was obtained from Merck Research Laboratories, Rah-
way, NJ, USA. Valsartan was a gift from Novartis Insti-
tutes for BioMedical Research, Inc., Cambridge, MA,
USA. Telmisartan was obtained from Nippon Boehringer
Ingelheim, Tokyo. ['*I]-Sar'-Ilu*-angiotensin IT (2200
Ci/mmol) was purchased from Perkin Elmer, Inc., Bos-
ton, MA, USA. [*H]-Myo-inositol (83 Ci/mmol) was
purchased from Amersham Biosciences, Piscataway, NJ,
USA.
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Saturation analysis of wild-type (A), N235R (B), F239R (C), and F239W (D) mutants of AT, receptor labeled with

['*1]-Sar'-Ilu*-angiotensin II. Percentage of total binding (square), specific binding (inverted triangle), and nonspecific binding
(triangle) are plotted against the concentration of the radioligand. Scatchard plots are also shown for each of the receptors. Each
point represents the mean + S.E.M. of four different experiments, each performed in duplicate.
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Table 1. Dissociation constant (Kq) and maximum binding sites
(Bmax) of ['#I]-Sar'-Tlu®-angiotensin II for the wild-type and some
mutants of AT, receptors

Receptor Ky value (pM) Bumax (fmol/mg protein)
AT, WT 552.1+20.0 1524.0 +70.1
N235R 515.6+6.3 6173.0 £ 19.6%*
F239R 467.3 £22.0* 2982.7 £ 55.9%*
F239W 623.3 £ 14.9%* 7538.3 £ 103.4%*

['*I]-Sar'-Ilu*-angiotensin Il was used to label the wild-type and
some mutants of AT, receptors transiently expressed in COS-7 cells.
Data represent the mean = S.E.M. of 4 independent experiments, each
performed in duplicate. *P < 0.05, **P < 0.001 vs. wild-type.

Results

Radioligand binding of wild-type and mutant receptors
Saturation binding analysis: ['*I]-Sar'-Ilu*-angio-
tensin II was used to determine the dissociation constant
(K4) and maximum bound (B.x) values for the wild-type
and each of the mutant receptors. Data are summarized
in Table 1 and the representative saturation isotherms
with Scatchard plots are shown in Fig. 2 (A — D). The
wild-type and N235R mutant of AT, receptors bound the
radioligand with high affinity (K¢=552.1+20.0 and
515.6 + 6.3 pM respectively) (Table 1). The F239R mu-
tant bound the radioligand with significantly higher af-
finity (Kq =467.3 £22.0 pM) compared to the wild-type
receptor, whereas lower affinity (Kq = 623.3 + 14.9 pM)
was found with the F239W mutant (Table 1). On the
other hand, Bn.x values, calculated from the maximal
specific binding of ['*’I]-Sar'-Ilu®-angiotensin II, of the
mutant receptors were 2 — 5-fold higher than those for the
wild-type receptors (Bm.x =1524.0+70.1) (Table 1).
The expression level for a given construct was found to
be highly consistent in separate preparations.
Competition binding: Displacement of ['*°I]-Sar'-Ilu®-
angiotensin Il by the AT;-receptor agonist Ang Il was
analyzed and the wild-type receptor values were com-

pared with the properties of the mutant receptors. The
mutants showed 3 —10-fold higher affinity towards
Ang II compared to the wild-type receptor (Table 2). The
binding affinities of several AT,-receptor antagonists,
candesartan, valsartan, losartan, and telmisartan, for the
wild-type receptor were also determined in competition
binding experiments for sites labeled with ['*I]-Sar'-
Ilu*-angiotensin II. Figure 3 (A — D) shows representa-
tive competition curves and all data are summarized in
Table 2. The results showed that candesartan had the
highest binding affinity (K;=3.4 + 0.3 nM) among all
the antagonists used in this study towards the wild-type
receptor. Telmisartan also had high binding affinity
(Ki= 3.7 = 1.1 nM), whereas valsartan showed moderate
affinity (K; = 8.2 £ 3.2 nM) to the wild-type AT, recep-
tor. Losartan showed the lowest affinity (Ki=59.4 +£2.7
nM) among the antagonists. Competition binding experi-
ments by the antagonists were also done for the mutant
receptors to determine the change in binding affinity. All
the antagonists of this study showed 2 — 34-fold higher
binding affinities towards the mutants compared to the
wild-type receptor (Table 2). However, the rank order of
the binding affinity of the antagonists was same in the
mutants as in the wild-type receptors, candesartan show-
ing the highest and losartan having the lowest affinity to
the receptors.

1P accumulation assay

The wild-type and mutant receptors were expressed in
transiently transfected COS-7 cells and IP production
was measured. The data of inhibition of Ang II-stimulat-
ed IP formation by several AT,-receptor antagonists are
summarized in Table 3, and Fig. 4 (A — D) shows repre-
sentative Ang [I-stimulated IP accumulation in the
wild-type and mutant receptors. The results were quali-
tatively similar to the binding assay results. Candesartan
showed the highest potency (pKs, = 8.43 + 0.24) in inhib-
iting Ang II-stimulated IP formation. The lowest potency
was shown by losartan (pK,=7.17 £ 0.08), whereas
telmisartan and valsartan had pK, values of 8.15+0.12

Table 2. Binding affinities (K;) of an agonist and antagonists (in nM) to the wild-type and some mutants of AT,

receptors
Receptor Ang I Candesartan Valsartan Losartan Telmisartan
AT, WT 30.6 8.5 34+0.3 82+32 59.4+2.7 3.7+1.1
N235R 7.2+0.2% 0.1 +£0.0%* 1.1£0.1 8.6+ 0.2%* 0.7 +£0.0*
F239R 3.1+£0.1% 0.5+0.0%* 25+0.1 3.1+0.1%* 1.6+0.1
F239W 8.9+0.2* 1.0 +£0.0%* 3.0+0.1 4.1 £0.0%* 2.0+0.0

['*1]-Sar'-Ilu*-angiotensin 11 (250 pM) was used to label the wild-type and some mutants of AT, receptors transiently
expressed in COS-7 cells. Data represent the mean + S.E.M. of 4 independent experiments, each performed in dupli-

cate. *P < 0.05, ¥*P < 0.001 vs. wild-type.
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Competition binding studies of Ang II (square) and the AT, -receptor antagonists candesartan (triangle), valsartan (in-

verted triangle), losartan (diamond), and telmisartan (circle) for ['*I]-Sar'-Tlu®-angiotensin II binding to wild-type (A), N235R
(B), F239R (C), and F239W (D) mutants of the AT, receptor. The data represent the mean + S.E.M. of four different experiments,

each performed in duplicate.

Table 3. Functional potencies (pK,) of several AT, antagonists towards the wild-type and some mutants of AT,

receptors
AT, receptor antagonists

Receptor

Candesartan Valsartan Losartan Telmisartan
AT, WT 8.43+£0.24 7.89 £0.04 7.17+£0.08 8.15+0.12
N235R 8.91+0.03 7.98 £0.01 7.25+0.02 8.51 +£0.02*
F239R 7.66+0.01* 7.03 £0.01%* 6.58 +£0.02%* 7.60 +0.02*
F239W 7.52 £0.05%* 7.19 £ 0.04** 6.74 £ 0.03* 7.11 £0.08**

[’H]-Myo-inositol was used to label COS-7 cells transiently transfected with the wild-type and some mutants of AT;
plasmid. Data represent the mean + S.E.M. of 4 independent experiments, each performed in duplicate. *P < 0.05,

**P <0.001 vs. wild-type.

and 7.89 £ 0.04, respectively, in the wild-type receptor.
The rank order of functional potency of the antagonists
in the mutant receptors was also similar that in the wild-
type receptor.

Discussion
The AT, receptor plays a major role in the regulation

of cardiovascular homeostasis; thus the development of
non-peptide AT -receptor antagonists represents a very

important contribution in the effective treatment of hy-
pertension and congestive heart failure (29 —32). The
mechanism of binding of the antagonists to the AT, re-
ceptor or its mutants is still not well understood. How-
ever, some reports have been published showing the
important sites of interaction with different antagonists
in the AT, receptor (25, 33 — 35). In our earlier study we
evinced the binding affinities of different AT,-receptor
antagonists to the wild-type receptor and showed that the
binding data were consistent with the number of interac-



High Binding Affinity of AT, Antagonists

A)

-
a N O =
T 229

% of Maximal IP Production
w
1=}
1

B)

T T T
4 7 6
Log[Ang II], M

C
) 1104

90
704 3

50

% of Maximal IP Production

A

D)

T T
-8 -7 -6 -5

Log[Ang II], M

Fig. 4.

-4

63

-
a N ©o =
T 2229

% of Maximal IP Production
w
o
1

-9

-6

A

8 7
Log[Ang II], M

)
-10

1104

% of Maximal IP Production

-10 T T
10 -9

-6

A

-8 -7
Log[Ang 11|, M

Inhibition of Ang II (square)—stimulated IP production by the AT;-receptor antagonists candesartan (triangle), valsartan

(inverted triangle), losartan (diamond), and telmisartan (circle) in transiently transfected COS-7 cells expressing wild-type (A),
N235R (B), F239R (C), and F239W (D) mutants of the AT, receptor. The data represent the mean + S.E.M. of four different ex-

periments, each performed in duplicate.

tion sites through molecular modeling of these drugs
with the AT, receptor (1). We also demonstrated the
binding affinities of non-peptide AT;-receptor antago-
nists to the constitutively active AT;-receptor mutant
N111G (2) in which the affinity was decreased to a sig-
nificant amount compared to the wild-type receptor. So
the present study was performed to determine if there is
increased affinity of the non-peptide antagonists towards
some specific mutants of the AT, receptor and to inves-
tigate the importance of the amino acid residues respon-
sible for such observations.

In saturation binding experiments, the data represent
different levels of cell expression of the mutant receptors
compared to the wild-type AT, receptor. The mutants
showed 2 — 5-fold higher B.x value as assessed by the
radioligand ['*’I]-Sar'-Ilu*-angiotensin II binding com-
pared to the wild-type receptor. There was no significant
difference between the values of the dissociation constant
(Ka) of ["*’I]-Sar'-Ilu®-angiotensin II for the wild-type
and N235R mutant of the AT, receptor, although F239R
bound to the radioligand with significantly higher affin-
ity whereas lower affinity with the ligand was found in
the F239W mutant. It is evident from the competition
binding study (Table 2) that all the antagonists of this

study showed higher binding affinity towards the mutants
compared to the wild-type AT, receptor (candesartan,
3 — 34-fold; valsartan, 3 — 7-fold; losartan, 7 — 19-fold;
and telmisartan, 2 — 5-fold). It is obvious that the strength
with which the investigated ARBs bind to the AT; recep-
tor is associated with their chemical structure. Losartan
possesses only one acidic tetrazole moiety, whereas
candesartan and valsartan have an additional acidic car-
boxylate group. It can be reasoned that a positively
charged amino acid at the receptor may serve as a counter
ion for such a critical functional group. Site-directed
mutagenesis studies involving the substitution of certain
neutral amino acid residues with basic or positively
charged amino acid residues in the AT, receptor offer a
way to evaluate this hypothesis. Figure 1 illustrates the
chemical structures of the amino acids involved in our
mutagenesis study. Phenylalanine* and asparagine™’ of
the third intracellular loop 3 (i13) of the AT, receptor are
neutral amino acids. So substitution of these amino acids
by positively charged arginine in the AT, receptor may
result in a stronger interaction with the antagonists of this
study. This may be the reason for the increased affinities
of the AT,-receptor antagonists towards N235R and
F239R mutants. This finding is consistent with an earlier
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study where the substitution of positively charged
lysine'” by non-charged glutamine decreased the binding
affinity of non-peptide AT,-receptor antagonists (36).
Introduction of tryptophan in place of phenylalanine*’ of
the AT, receptor may affect the conformation of the re-
ceptor due to steric hindrance of tryptophan itself, result-
ing in more room for ligand binding. Eventually the
binding affinities of the antagonists were higher in
F239W mutant compared to the wild-type AT, receptor,
although the level of the increase in the binding affinity
was less in comparison with the N235R and F239R
mutants.

Figure 4 illustrates the concentration—response curves
of Ang Il-stimulated IP accumulation in wild-type and
mutant receptors in the absence and presence of non-
peptide AT,-receptor antagonists. All the antagonists of
this study shifted the concentration—response curve to the
right without a significant change in the maximum re-
sponse. The antagonists inhibited Ang II-stimulated IP
production with the same pattern in the mutants, although
the extent of inhibition was lower in the mutants com-
pared to the wild-type receptor. The data of inhibition of
Ang Il-stimulated IP formation by the antagonists are
summarized in Table 3. The data is consistent with the
binding assay results with a point of view that higher
binding affinity may lead to decrease in the functional
potency of the antagonists in the mutant receptors, al-
though it is hard to rationalize the functional potency
data of the antagonists in the N235R mutant.

In summary, our results show in a novel fashion that
the mutation of asparagine”® and phenylalanine” by the
positively charged amino acid arginine causes an increase
in the binding affinity of the AT;-receptor antagonists.
Substitution of phenylalanine™ by tryptophan also in-
creases the binding affinity of the antagonists with a
different mechanism. Thus the amino acids of these posi-
tions of i13 of AT, receptor are very important for the
ligand binding affinity. If there is any natural mutation in
such positions of the AT, receptor in a disease state, these
findings may play an important role in determining the
effective dose of the antagonists for pharmacological
functions in the receptors.
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