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ABSTRACT

We have characterized the pharmacological antagonism, i.e.,
neutral antagonism or inverse agonism, displayed by a number
of a-blockers at two a1-adrenergic receptor (AR) subtypes,
a4~ and a4,-AR. Constitutively activating mutations were in-
troduced into the «4,-AR at the position homologous to A293 of
the «4,-AR where activating mutations were previously de-
scribed. Twenty-four «-blockers differing in their chemical
structures were initially tested for their effect on the agonist-
independent inositol phosphate response mediated by the con-
stitutively active A271E and A293E mutants expressed in
COS-7 cells. A selected number of drugs also were tested for
their effect on the small, but measurable spontaneous activity

of the wild-type a,,- and «,,-AR expressed in COS-7 cells. The
results of our study demonstrate that a large number of struc-
turally different a-blockers display profound negative efficacy
at both the «,,- and a,,-AR subtypes. For other drugs, the
negative efficacy varied at the different constitutively active
mutants. The most striking difference concerns a group of
N-arylpiperazines, including 8-[2-[4-(5-chloro-2-methoxyphe-
nyl)-1-piperazinyllethyl]-8-azaspiro[4,5] decane-7,9-dione (REC
15/3039), REC 15/2739, and REC 15/3011, which are inverse
agonists with profound negative efficacy at the wild-type «,,-AR,
but not at the «,,-AR.

Adrenergic receptors (ARs) mediate the functional effects
of epinephrine and norepinephrine by coupling to several of
the major signaling pathways modulated by guanine nucle-
otide regulatory proteins (G proteins). The AR family in-
cludes nine different gene products: three g (81, B2, B3),
three oy (@2A, a2B, «2C), and three al (a4,, ay,, ald) recep-
tor subtypes. Like all G protein-coupled receptors (GPCR),
the ARs share seven hydrophobic regions that form a trans-
membrane a-helical bundle and are connected by alternating
intracellular and extracellular hydrophilic loops. Mutational
analysis of the ARs has revealed that the a-helical bundle
contributes to form the ligand binding site of the receptor,
whereas amino acid sequences of the intracellular regions
appear to mediate the interaction of the receptor with G
proteins as well as with different signaling and regulatory
proteins (Wess, 1997).

Both selective and nonselective antagonists for different
AR subtypes are widely used in a variety of pathological
conditions, including hypertension, heart failure, and pros-
tate hypertrophy as well as in mental diseases such as de-
pression. Several studies have demonstrated that B-blockers
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BMH4-CT97-2152).

can behave either as neutral antagonists or inverse agonists
at the wild-type B2-AR or at a constitutively active B2-AR
mutant (Samama et al., 1993b; Chidiac et al., 1994). How-
ever, inverse agonism at other AR subtypes has been less
extensively investigated. It has been previously reported that
a small range of a-blockers could inhibit the agonist-indepen-
dent phospholipase C as well as phospholipase D responses
mediated by constitutively active mutants of the «;,-AR (Lee
et al., 1997). A recent study demonstrated that some «-block-
ers can inhibit the spontaneous activity of the ald-AR sub-
type (Garcia-Sainz and Torres-Padilla, 1999).

The main aim of this study was to characterize the phar-
macological antagonism, i.e., neutral antagonism or inverse
agonism, displayed by a number of a-blockers at two al-AR
subtypes, a;,- and a;,-AR. To achieve this goal, constitu-
tively activating mutations were first introduced into the
a1,-AR at the position homologous to A293 of the a,,-AR
where activating mutations were previously described (Kjels-
berg et al., 1992). Several ligands were then screened for
their effect on the agonist-independent activity of both the
wild-type a;,- and «;,-ARs and their constitutively active
mutants. Our study provides a number of findings that might
represent a solid basis to further elucidate the activation
process of the a,,- and a4,-AR subtypes, and the mechanism

ABBREVIATIONS: AR, adrenergic receptor; GPCR, G protein-coupled receptor; DMEM, Dulbecco’s modified Eagle’s medium; ['?°[JHEAT,
['2®lliodo-2-[B-(4-hydroxyphenyl)-ethyl-aminomethyl]tetralone; IP, inositol phosphate; CAM, constitutively active mutant; R, inactive; R*, active.
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of action of drugs acting at these receptors as well as their
structure-activity relationships.

Experimental Procedures

Mutagenesis and Transfections. The ¢cDNA encoding human
a;,-AR (Schwinn et al. 1995; cDNA was a kind gift from Dr. J.P.
Hieble, SmithKline Beecham, Van Nuys, CA) or hamster «;,-AR
(Cotecchia et al., 1992) were mutated by polymerase chain reaction-
mediated mutagenesis technique with Taq DNA polymerase. The
mutated DNA fragments obtained were digested with the appropri-
ate enzymes and cloned into the expression vector pRK-5 containing
the wild-type a;,- or a;,-AR ¢cDNA. Recombinant clones were iso-
lated and sequenced. COS-7 cells grown in Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 10% fetal bovine serum
and gentamicin (100 pg/ml) were transfected with the diethylamin-
oethyl-dextran method. The transfected DNA ranged between 0.5
and 3 ug/10° cells.

Ligand Binding. Membranes derived from cells expressing the
a1,-AR subtypes and their mutants were prepared as previously
described (Cotecchia et al., 1992). The binding was performed at
25°C in 50 mM Tris-HC1 (pH 7.4), 150 mM NCI], and 5 mM EDTA.
For saturation binding experiments of [*2°I]iodo-2-[B-(4-hydroxy-
phenyl)-ethyl-aminomethyl]tetralone ([I'?*JHEAT), the radioligand
concentration ranged from 12 to 400 pM (150-ul assay volume) and
prazosin (10~° M) was used to determine nonspecific binding. For
saturation binding experiments of [*H]prazosin, the radioligand con-
centration ranged from 25 to 4400 pM (300-ul assay volume) and
phentolamine (10~* M) was used to determine nonspecific binding.
In competition-binding experiments, the final concentrations of
[*25T]JHEAT and [*H]prazosin were 80 and 400 pM, respectively. In
some competition-binding experiments, the concentration of
[*2°IJHEAT was 10 pM (500-ul assay volume). Results of ligand
binding experiments were analyzed with Prism 2.0 (GraphPAD Soft-
ware, San Diego, CA).

Inositol Phosphate (IP) Measurement. Transfected COS-7
cells (0.15 X 10°) seeded in 12-well plates were labeled for 15 to 18 h
with myo-[*Hlinositol (New England Nuclear, Boston, MA) at 5
uCi/ml in inositol-free DMEM supplemented with 1% fetal bovine
serum. Cells were preincubated for 10 min in PBS containing 20 mM
LiCl and then treated for 45 to 100 min with different ligands. Total
IPs were extracted and separated as previously described (Cotecchia
et al., 1992).

Molecular Modeling of Ligands. The protonated structures of
the ligands considered in this study were fully optimized by means of
semiempirical molecular orbital calculations (AM1) (Dewar et al.,
1985) with the MOPAC 6.0 (QCPE 455) program. QUANTA molec-
ular modeling package (release 96; Molecular Simulation Inc.,
Waltham, MA) was used for building and analyzing the molecular
structures.

Statistical Analysis. Statistical analysis was perfomed as indi-
cated in the figure legends with Prism 2.0 (GraphPAD Software).

Materials. COS-7 cells were obtained from American Type Cul-
ture Collection (Rockville, MD). DMEM, gentamicin, fetal bovine
serum, and restriction enzymes were purchased from Life Technol-
ogies, Inc. (Grand Island, NY). Tag polymerase was obtained from
Roche Laboratories (RotKruez, Switzerland). [*2°IJHEAT, [*H]prazo-
sin, and [*Hlinositol were obtained from New England Nuclear.
(—)-Epinephrine and corynanthine were purchased from Sigma
Chemical Co. (St. Louis, MO). 5-Methylurapidil, prazosin, WB 4101,
phentolamine, spiperone, S-(+)-niguldipine were obtained from Re-
search Biochemicals Inc. (Natick, MA). (+)-Cyclazosin and (—)-cycla-
zosin were a gift from Dr. D. Giardina (University of Camerino,
Camerino, Italy). Indoramin and AH11110A were a gift from Dr. J.P.
Hieble, (SmithKline Beecham), and BE 2254 was a gift from Dr. D.
Hoyer (Novartis, Basel, Switzerland). BMY 7378, WAY 100635,
SNAP 5089, RS-17053, alfuzosin, terazosin, tamsulosin, REC 15/
2739, REC 15/3039 (8-[2-[4-(5-chloro-2-methoxyphenyl)-1-piperazi-
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nyl-ethyl]-8-azaspiro[4,5]decane-7,9-dione), REC 15/2869, REC 15/
3011, and REC 15/2615 were obtained from Recordati (Milano, Italy).

Results and Discussion

Activating Mutations of «,,- and «a4;,-AR Subtypes.
One strategy to identify inverse agonists is to enhance the
basal activity of GPCR by introducing activating mutations
and to screen drugs for their ability to inhibit the agonist-
independent activity of the constitutively active receptor mu-
tants (CAM). We have previously reported that in the a;,-AR
mutations of A293 at the C-terminal end of its 3i loop with
any amino acid enhanced the constitutive activity of the
receptor, and was highest when alanine was substituted with
lysine or glutamic acid (Kjelsberg et al., 1992). To identify
inverse agonists at both the «;,- and a;,-AR subtypes, we
constructed CAMs of the a;,-AR by mutating A271 (homolo-
gous to A293 of the a;,-AR) to lysine or glutamic acid. As
shown in Fig. 1, mutations of either A271 or A293 markedly
enhanced the basal activty of «,,- and «;,-ARs, respectively,
resulting in increased agonist-independent accumulation of
IPs. Saturation binding analysis of ['?*IJHEAT or [*H]prazo-
sin indicated that the expression levels of the wild-type and
CAM receptors were good, ranging between 1.7 and 4.3
pmol/mg protein (Table 1). Our findings support the notion
previously suggested for other GPCRs (Wess, 1997) that the
C-terminal end of the 3i loop plays a crucial role in the
conformational switch underlying the transition between the
inactive (R) and active states (R¥) of the «;,-AR subtype.

Two main differences can be highlighted between «,,- and
a;,-ARs. First, the agonist-independent activity of both the
wild-type «o;,-AR and its CAMs was significantly higher than
that of the wild-type a;,-AR or its CAMs. Second, for both the
a1,-AR and its CAMs the epinephrine-induced IP accumula-
tion above basal was significantly higher than that of the
a;1-AR or its CAMs (Fig. 1). This suggests that the agonist-
occupied a,-AR has greater efficacy in activating phospho-
lipase C than the «,-AR, whereas its spontaneous or muta-
tion-induced isomerization toward the R* is lower. Our
findings are in agreement with those from a previous study
(Theroux et al., 1996) describing the coupling efficiencies of
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Fig. 1. Constitutively active mutants of the «;,-AR and «;,-AR subtypes.
A271 of a,,-AR and A293 of a,,-AR were mutated into lysine and glu-
tamic acid. Receptors expression in COS-7 cells ranged from 1.5 to 2.5
pmol/mg protein. Control (Con) indicates cells not expressing the recep-
tors. IP ([®*H]IP) accumulation was measured in cells expressing the
wild-type or mutated receptors after incubation in the absence (Bas) or
presence of 10°* M epinephrine (Epi) for 45 min. Values represent
means * S.E. of three independent experiments. Statistical significance
was analyzed by unpaired Student’s ¢ test. a, P < .05 Bas of the mutants
was compared with that of their respective wild-type receptor. b, P < .05
Bas or Epi of the a,,-AR, A293K, and A293E were compared with those
of a;,-AR, A271K, and A271E, respectively. ¢, P < .05 Epi was compared
with Bas of each respective receptor.
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different a1-AR subtypes expressed in HEK 293 or SK-N-MC
cells. In that study, the agonist-induced IP response medi-
ated by the «;,-AR was higher, whereas its agonist-indepen-
dent activity was lower compared with «;,-AR expressed at a
similar level.

Inhibition of Receptor-Mediated Basal IP Accumula-
tion. Twenty-four a-blockers differing in their chemical
structures were tested for their effect on the basal activity of
the constitutively active A271E and A293E mutants ex-
pressed in COS-7 cells (Fig. 2). All the ligands used in this
study, except REC 15/3039, were previously described for
their structure, binding affinity at recombinant as well as
native al-AR subtypes, and some of their pharmacological
effects in different tissues (Michel et al., 1995; Giardina et
al., 1996; Leonardi et al., 1997; Testa et al., 1997).

Our results show that the majority of a-blockers displayed
inverse agonism as demonstrated by their ability to decrease
the basal activity of both CAMs. However, the various
a-blockers differed in their negative efficacy and some of
these differences depended on the a1-AR subtype.

Drugs with the highest negative efficacy (defined as =70%
inhibition of the basal activity) at both CAMs included WAY
100635, WB 4101, all the tested quinazolines (prazosin, tera-
zosin, both (+)- and (—)-cyclazosin, REC 15/2615, and alfuzo-
sin), indoramin, corynanthine, spiperone, and AH11110A
(Fig. 2). For the other drugs, their negative efficacy differed
at the two CAMs.

The most striking difference concerned some N-arylpipera-
zines that displayed modest negative efficacy (e.g., 5-methy-
lurapidil, BMY 7378, and REC 15/2869) or neutral antago-
nism (e.g., REC 15/3039, REC 15/2739, and REC 15/3011) at
the A271E mutant. However, the negative efficacy of these
compounds was more pronounced at the A293E, resulting in
at least 45% inhibition of the receptor-mediated basal activ-
ity. For phentolamine, BE 2254, and tamsulosin negative
efficacy was also greater at the A293E than at the A271E. In
contrast, for S-(+)-niguldipine negative efficacy was greater
at the A293E than at the A271E mutant.

The concentration-dependence of the inhibitory effect was
determined for those ligands that displayed the most pro-
found negative efficacy at both the A293E and A271E recep-
tors. The EC;, values of the compounds in inhibiting the
basal activity of the CAMs (Table 2) were in the same order
of magnitude as their ligand-binding affinities (Table 3).

To further investigate the mode of action of inverse ago-
nists at the two CAMs we focused on prazosin and 5-methy-
lurapidil whose properties were similar at the two mutants,
the first being almost a full inverse agonist and the second

TABLE 1

Expression of the a,,-AR, a;,-AR, and their constitutively active
mutants A271E and A293E

['?TJHEAT and [*H]prazosin saturation-binding parameters were determined as

described in Experimental Procedures. Values are means * S.E. of three experi-
ments, each performed in triplicate.

['25|HEAT [®H]Prazosin

Receptor

Ky B ax K, Binax

pM pmol/mg M pmol/mg
a,-AR 95 = 19.8 4.3 = 0.22 427 + 63.6 3.4 =1.03
A271E 178 + 44.8 3.4 = 0.38 567 = 105.4 2.7 = 0.98
a,-AR 132 = 12.7 3.3 £0.85 224 + 24.0 2.3 *+0.72
A293E 179 = 71.15 2.1 +0.36 374 = 60.7 1.7 = 0.55

having only modest negative efficacy. Treatment of cells with
prazosin did not have any effect on aluminum fluoride-in-
duced accumulation of IP (results not shown). The inhibition
of basal IP accumulation by prazosin was competitively in-
hibited by increasing concentrations of 5-methylurapidil. The
apparent K, values of 5-methylurapidil calculated according
the Schild equation were in good agreement with its binding
affinity for the receptor mutants (Table 3) (K, = 4.4-5.4 nM
and 267-505 nM for the A271E and A293E, respectively).
These results confirm that the inhibitory effect of the inverse
agonist prazosin is mediated by the receptor and not by other
unknown mechanisms on the signaling cascade.

To assess whether the effect of the a-blockers observed on
the CAMs reflected their behavior at the wild-type receptors,
a selected number of drugs were tested for their effects in
COS-7 cells expressing the wild-type «;, and «;,-AR sub-

A271E
= :
[+ - - - - B 134 ST T I
3 100
]
R-1
k-]
3
o
< J
o 50
=
F
2. =——
=
0 7 | | EE=S
dOoSeer-d W W D20 ZZZZWZ ZWwg
8580858 28 2 28638 Gogppem =222
ah@aaag o E TNQOQR QOOO0SQO <::g.-
>V BBBS [a owoT NNNNWBN ggE&~-
s - 3% 3 zmD® «9<<T> gZWx
SEQVeox 32 O ar raddol Bsal
sHYoowns 6 E = awdoOmd SZa
> rreecd =2 = < F>>r< Z5¢
T z u = e T
et ey T A A Q
w k3 o o o
= &
n
A293E
=
© T U
& 100
L]
E-1
—
o
2
<
o
=
: &5%
&
o
S ORD D W w R w ""‘E"’ ZZEZM’)E El.ul.ugt
5532858 =28 Z2 28908 Zapoon =Z2Z8
ghroda®g B E INOR 000080 <IQF
I>VBVWE Fa <« pwdT NNNNGSN ml—ﬁ‘—
gsrTTn. J4 d z@2@® sqac<-0 g2y
SONPLOOL, 52 [« e Fae&ddo o<_<
4 wwuww oo E = n.nuoo..u;:l ZZa
S cxecxd® =2 z < > 25 a0
T 4 w [ QO "4
= = X LA <]
u % x N o
S
w

Fig. 2. Ligand-induced inhibition of the basal IP response mediated by
constitutively active a1-AR mutants. IP ([*H]IP) accumulation was mea-
suerd in COS-7 cells expressing the A271E and A293E receptor mutants
in the absence (basal) or presence of different ligands at a concentration
of 107 M (10~* M for REC 15/3039) for 45 min. The ligands are grouped
according to their structural similarities (from left to right, the groups
include N-arylpiperazines; 1,4-dihydropyridines; imidazolines; benzo-
dioxanes and phenylalkylamines; quinazolines; and various structures).
The results are expressed as a percentage of basal, which indicates the
basal levels of [PHIIP measured in untreated cells. The basal levels of
[PHIIP were as shown in Fig. 1. Values represent means * S.E. of three
to six independent experiments. Statistical analysis with the one-way
ANOVA indicated that at both A271E and A293E for all the ligands, the
[PHIIP levels were significantly different from basal (P < .05) levels with
the exception of REC 15/3039, REC 15/2739, REC 15/2869, and REC
15/3011 at the A271E. Statistical analysis with the unpaired Student’s ¢
test indicated that the percentage of basal of A293E versus A271E was
significantly different (P < .05) only for REC 15/3039, REC 15/2739, REC
15/2869, REC 15/3011, S-(+)-niguldipine, phentolamine, BE 2254, and
tamsulosin.
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types. Overexpression of both a«1-AR subtypes resulted in a
small, but measurable increase of agonist-independent accu-
mulation of IP that was greater for the a;;,-AR than for the
a;1,-AR (Fig. 3). As shown in Fig. 3, the effect of the a-blockers
in cells expressing the wild-type al-AR subtypes displayed
several similarities to that observed in cells expressing their
CAMs. First, the rank order of negative efficacy at the a,,-AR
was similar to that observed at the A271E mutant, i.e.,
prazosin, indoramin, and WB 4101 > BE 2254 > 5-methylu-
rapidil = REC 15/2869 > REC 15/3039, REC 15/2739, and
REC 15/3011. Second, all drugs displayed pronounced nega-
tive efficacy at the «;,-AR as previously observed for the
A293E mutant. Thus, the only ligands that did not display
any inverse agonism at the wild-type «;,-AR were REC 15/
3039, REC 15/2739, and REC 15/3011, the first two being
neutral, whereas REC 15/3011 displayed some nonsignifi-
cant degree of partial agonism.

For all the N-arylpiperazines tested (5-methylurapidil and
the REC compounds) negative efficacy seemed more pro-
nounced at the wild-type a;,-AR (Fig. 3) than at its consti-
tutively active mutant A293E (Fig. 2). For few N-arylpipera-
zines, including 5-methylurapidil and REC 15/2869 as well
as for BE 2254 negative efficacy also seemed more pro-
nounced at the wild-type a;,-AR (Fig. 3) than at its CAM

TABLE 2
EC,, values of inverse agonists on the inhibition of basal IPs

Concentration-dependent inhibition of basal IP accumulation was measured in
COS-7 cells expressing the constitutively active A271E and A293E mutants. Values
are means of two to six independent determinations done in triplicate that did not
differ by >40%.

ECyq
Ligand
A271E A293E
nM
Indoramin 5.48 187
Prazosin 1.20 1.09
Terazosin 12.0 8.90
WB 4101 7.12 38.3
Tamsulosin N.D. 2.03
Phentolamine 4.68 47.5
Spiperone 57.7 79.9

N.D., not determined.

TABLE 3

Ligand binding properties in cells expressing the a;,-AR, a;,-AR and
their constitutively active mutants A271E and A293E

K, values were determined in competition binding experiments with 80 pM
[*2*TJHEAT in membranes from COS-7 cells expressing the various receptors. The
best fit of the competition curves was monophasic and the Hill coefficient ranged
from 0.7 to 1. Values are means of two to four independent determinations that did
not differ by >40%.

K;
Ligand
a1,-AR A271E ay-AR A293E

nM
5-Methylurapidil 5.33 8.65 367 521
REC 15/3039 1131 606 1650 1019
REC 15/2739 2.24 2.15 121 218
REC 15/2869 24.1 12.5 342 528
REC 15/3011 15.2 6.35 442 607
Indoramin 194 31.7 189 215
RS 17053 6.93 4.79 51.0 50.0
Prazosin 0.92 1.02 0.69 0.57
Terazosin 33.8 35.8 19.1 15.5
WB 4101 0.99 1.11 16.2 21.1
Tamsulosin 0.19 0.21 8.53 7.94
Phentolamine 9.71 13.3 183 236
Spiperone 57.6 76.2 16.1 23.4
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A2T71E (Fig. 2). This observation might find some explanation
in the framework of the allosteric ternary complex model
describing GPCR activation (Samama et al., 1993a). Activat-
ing mutations are suggested to increase the isomerization
constant (J) of the receptor allowing its transition from the R
to R* states, thus resulting in its high spontaneous activity.
Therefore, the negative effect of inverse agonists on receptor
isomerization might be larger for the wild-type receptor,
which is probably characterized by a very small J parameter,
compared with its CAM for which the value of J should be
much greater. This might explain why for compounds with
some degree of negative efficacy, i.e., 5-methylurapidil, some
REC compounds, and BE 2254, inverse agonism was more
pronounced at the wild-type al-AR subtypes than at their
CAMs. In contrast, the fact that the behavior of REC 15/3039
and REC 15/2739 was very similar at the wild-type a;,-AR
compared with its A271E mutant strongly suggests that
their efficacy is truly close to zero at the «,,-AR subtype.
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Fig. 3. Ligand-induced inhibition of the basal IP response mediated by
the wild-type «;,-AR and a,,-AR. The left-hand graphs show the basal
[*HIIP accumulation in COS-7 cells expressing the wild-type «,,-AR and
a;,-AR after a 100-min incubation in the absence of ligands. Receptor
expression ranged from 2 to 3 pmol/mg protein. Control (Con) indicates
cells not expressing the receptors. Statistical significance was analyzed
by unpaired Student’s ¢ test. a, P < .05 Bas of cells expressing the
receptor versus control cells. The right-hand graphs show [*H]IP mea-
sured in cells expressing the «,,-AR and a,,-AR treated with different
ligands at a concentration of 10~° M for 100 min. The ligands are grouped
as in Fig. 2. The results are expressed as a percentage of basal, which
indicates the basal levels of [PHIIP measured in untreated cells. Values
represent means = S.E. of three independent experiments. Statistical
analysis with one-way ANOVA indicated that at both «,,-AR and a;,-AR
for all the ligands, the [*H]IP levels were significantly different from the
basal (P < .05) with the exception of REC 15/3039, REC 15/2739, and
REC 15/3011 at the «,,-AR.
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Collectively, these findings identify a group of N-arylpipera-
zines as a-blockers that display the most striking difference at
the two al-AR subtypes being inverse agonists with profound
negative efficacy at the wild-type a;,-AR, but not at the «;,-AR.
In particular, REC 15/3039, REC 15/2739, and REC 15/3011 are
the first a-blockers identified so far that do not display inverse
agonism at one of the a1-AR subtypes, namely, the ay,.

Structure-Activity Relationships of Ligands. A typi-
cal a-blocker contains aromatic moieties on each side of a
protonated nitrogen atom, one of these two moieties being
closer to the protonated nitrogen than the other. The proton-
ated nitrogen atom of the ligands is thought to interact with
the conserved aspartate on helix 3 of the receptor, i.e., D106
in the o, ,-AR and D125 in the «;,-AR, according to a precise
geometry dictated by a directional charge-reinforced hydro-
gen bonding interaction (Cavalli et al., 1996; De Benedetti et
al., 1997). The geometry of the electrostatic interaction be-
tween the protonated nitrogen of the ligand and the aspar-
tate of the receptor probably dictates the orientation of the
whole ligand molecule within the receptor binding site,
thereby generating a peculiar local perturbation that is
transferred to the receptor domains involved in G protein
coupling. Thus, a conformational link existing between the
receptor binding site for various ligands and its interaction
site with the G protein might dictate the different functional
effects of ligands on distinct receptors.

Our findings indicate that «,,-AR and o,,-AR differ in
their “susceptibility” to inverse agonism. Whereas various
ligands displayed different effects on the a,,-AR, most of the
ligands tested exerted a profound inhibitory effect on the
agonist-independent activity of the «;,-AR, independently
from their structural features. This divergence might be re-
lated to the different configuration of the binding site of the
two al-AR subtypes, as reported in our previous molecular
modeling studies (De Benedetti et al., 1997). One might spec-
ulate that compared with «;,-AR, a;,-AR has a larger num-
ber of “inhibitory sites”, i.e., sites mediating inverse ago-
nist-induced receptor inactivation, or that structurally
different ligands may invariantly reach the “inhibitory
sites” because of the less flexible configuration of the re-
ceptor binding site.

Molecular modeling of the ligands provided some interest-
ing insight into the structure-activity analysis of the a-block-
ers (Fig. 5). For simplicity, among all the a-blockers used in
this study (Fig. 4) only the models of those representative of
some best defined structural groups are shown in Fig. 4. The
inhibitory effect observed for different ligands on the consti-
tutive activity of the «;,-AR and, to a lesser extent, on that of
the aq,-AR seems to be related to the structure of a defined
portion of the ligands. Our results suggest that the geometry
of the protonated nitrogen atom as well as that of the molec-
ular moiety closest to this nitrogen might be responsible for
the functional effect of the ligands tested (Fig. 5).

On the basis of the structure-activity relationship analysis
of the ligands, the following four conclusions can be drawn.
First, for those ligands where the protonated nitrogen atom
belongs to a planar conjugated system, i.e., quinazolines and
AH11110A, and/or to a very rigid moiety, i.e., quinazolines,
corynanthine, and spiperone, a strong inhibition of the con-
stitutive activity of both al-AR subtypes is observed. The

quinazolines and corynanthine share a fixed distance be-
tween the protonated nitrogen and the center of its closest
aromatic ring of ~2.8 and 3.4 A, respectively (Fig. 5). Also the
angle between the plane of the charge reinforced hydrogen
bond and that of its closest aromatic ring is fixed in these
compounds.

Second, for those ligands where the protonated nitrogen is
almost in the middle of a flexible alkylic chain and the pos-
itive charge is almost equally distributed on two amine hy-
drogens, i.e., BE 2254, tamsulosin and RS-17053, the basal
activity of the a,,-AR is only partially inhibited. Due to the
flexibility of this class of compounds, the distance between
the protonated nitrogen and the center of its closest aromatic
ring may vary, reaching a maximum of >5 A (Fig. 5). Thus,
the peculiar functional behavior of the phenylalkylamines
may be related, at least in part, to the fact that the charge-
reinforced hydrogen-bonding interaction with the receptor
can occur through either one or both amine protons. Thus,
different reciprocal orientations and distances between the
charge-reinforced hydrogen bond and its closest aromatic
ring are allowed during interaction with the receptor. The
more pronounced inverse agonism of WB 4101 with respect to
the other phenylalkylamines may be partially due to the fact
that one of the two methylenic groups that separates the
protonated nitrogen atom from its closest aromatic moiety
belongs to a cycle, i.e., dioxane. This peculiarity may reduce
the degrees of freedom of the molecule in proximity of the
protonated nitrogen, decreasing the number of the allowed
interacting modes with the receptor.

Third, the N-arylpiperazines show neutral antagonism at
the a;,-AR, with the exception of WAY 100635. This class of
compounds is characterized by a fixed distance between the
protonated nitrogen and the center of its closest aromatic
ring of ~5.7 A (Fig. 5). Moreover, the angle between the plane
of the charge reinforced hydrogen bond and the plane of its
closest aromatic ring may vary, at least to a small extent, in
these compounds. The different behavior of WAY 100635
may be due to the topology of the carbonylic oxygen and of the
pyridinic nitrogen. Conformational analysis showed that ei-
ther one of these two heteroatoms may alternately perform
intramolecular hydrogen bonds with the protonated nitro-
gen, thus stabilizing the different local minima (results not
shown). These peculiar conformational properties may influ-
ence the docking mode of this ligand.

Forth, in S-(+)-niguldipine and SNAP 5089, the proton-
ated nitrogen is in proximity of two aromatic rings that lie in
position 4 of the piperidinic ring. In these compounds, the
distance between the protonated nitrogen and the center of
the aromatic rings in the equatorial and axial position 4 are
~5.9 and 4.6 A, respectively (Fig. 5). Probably, the phenyl
ring in the axial position is partially responsible of the inhib-
itory effect of these two compounds. Differently from all the
other compounds considered in this study, the inverse ago-
nism of S-(+)-niguldipine and SNAP 5089 at the a;,-AR is
less pronounced than at the a,,-AR.

In summary, the results of this preliminary structure-
activity relationship analysis suggest that the constitutive
activity of the a;,-AR can be differently inhibited by the
tested ligands in a manner that seems dependent on the
structural feature of the protonated nitrogen of the ligand
and its distance from the closest aromatic moiety. However,
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a more accurate structure-activity relationship analysis-
would require testing a much larger number of compounds
for each structural group as well as the identification of the
docking sites of the a;,-AR and «;,-AR for the various li-
gands.

Ligand Affinities at Wild-Type and CAM Receptors.
The allosteric ternary complex model of receptor activation
(Samama et al., 1993a) predicts that the transition from the
R to R* states of the receptor can be influenced by ligand
binding. The allosteric effect exerted by the ligand on the
equilibrium between R and R* is given by the parameter B,
which is related to the ligand efficacy. Whereas neutral an-
tagonists (8 = 1) have no effect on this equilibrium, agonists
(B > 1) and inverse agonists (8 < 1) will preferentially bind
to R* and R, respectively. Thus, activating mutations, which
are suggested to increase the stability of J for the conversion
of R to R*, also will change ligand binding affinity. CAMs are
predicted to display increased affinity for agonists and de-
creased affinity for inverse agonists compared with wild-type
GPCRs, whereas the affinity of neutral antagonists should be
similar (Samama et al., 1993b).

PRAZOSIN

4
J’b & N

To test this hypothesis, the affinity of various ligands char-
acterized by different efficacies was measured in membranes
derived from COS-7 cells expressing the wild-type a,,- and
a1,-AR or their mutants A271E and A293E, respectively.
Because the unlabeled form of ['2°I]HEAT is a partial inverse
agonist (indicated as BE 2254 in Fig. 2) and that of [*H]pra-
zosin is a full inverse agonist at both receptor subtypes, the
affinities of different ligands were measured with both radio-
ligands.

As shown in Table 1, the K, values of [**IJHEAT and
[®*H]prazosin were not significantly different at the wild-type
a;,- and a;,-AR versus their CAMs. The results of competi-
tion binding experiments with ['*2’IJHEAT indicated that the
K; values of several a-blockers were not significantly differ-
ent at the A271E or A293E mutants compared with their
respective wild-type receptors (Table 3). Similar findings
were obtained when the K, values were measured with
[*H]prazosin as radioligand or with tracer concentrations
(~10 pM) of [***I]JHEAT (results not shown). In conclusion,
our results indicate that a-blockers with different negative
efficacies do not display significantly different binding affin-

TAMSULOSIN

CORYNANTHINE

REC 15/2739

NIGULDIPINE

Fig. 5. Molecular models of some a-blockers. Molecular modeling of the ligands was performed as described in Experimental Procedures. The distances
between the protonated nitrogen atom and its closest aromatic moiety are shown for each ligand.
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ities for the constitutively active forms of the a,,- and a;,-AR
subtypes.

In contrast, the affinity of the full agonist epinephrine was
increased 10-fold for A271E and 30-fold for A293E compared
with that of their respective wild-type receptors. K; values of
epinephrine were 5.5 and 2.5 uM for the a;,- and a;,-AR, and
0.5 and 0.09 puM for A271E and A293E, respectively. The
results are the mean of three to six independent determina-
tions that did not differ by >40%).

These results can find their interpretation in the frame-
work of the allosteric ternary complex model (Samama et al.,
1993b). As predicted by the model, activating mutations of
both the a;,- and «a;,-AR result in a large increase in affinity
for the full agonist epinephrine. However, changes in affinity
for ligands with different efficacy (defined by the 8 parame-
ter) depend on the level of receptor isomerization (defined by
the J parameter). As demonstrated by the relationship be-
tween the difference in ligand affinity between the CAM
versus wild-type receptor and the isomerization constant J of
the receptor (Samama et al., 1993b), the mutation-induced
change of affinity can be much larger for full agonists (8 > 1)
than for inverse agonists (8 < 1), depending on the value of
J. For example, the affinity of isoproterenol for a constitu-
tively active mutant of the B,-AR was 25-fold higher,
whereas that of a full inverse agonist was 2-fold lower than
for the wild-type receptor (Samama et al., 1993b).

Computer simulations predict that if an activating muta-
tion increases the value of J by two orders of magnitude from
0.001 to 0.1, it can increase the affinity of a full agonist (8 =
1000) 100-fold without changing the affinity of inverse ago-
nists (Samama et al., 1993b). In this context, our findings
suggest that wild-type «a;,-AR and «;,-AR might be charac-
terized by a very low isomerization level that is increased by
the activating mutations of A271 or A293 into glutamic acid,
respectively. This is consistent with the low spontaneous
activity of both wild-type receptors. However, the mutation-
induced increase in the isomerization constant J might not be
sufficiently large to decrease the affinity of the CAMs for the
inverse agonists.

Our findings are also in agreement with those from a
previous report showing that the constitutive activation of
the a;,-AR resulting from a single-residue mutation is not
sufficient to decrease the binding affinity of prazosin (Hwa et
al., 1997). A decreased affinity for prazosin was observed only
when multiple activating mutations were combined in the
a-AR.

Conclusions. Our findings suggest that CAMs carrying
mutations at the C-terminal end of the 3i loop represent a
useful tool to identify drugs that can behave as inverse ago-
nists at wild-type a;,- and a;,-AR subtypes. This also might
be generalized to other GPCRs because mutations at the
carboxyl end of the 3i loop might alter the isomerization of
the receptor to its active forms without directly interfering
with the docking process of the ligands. However, our find-
ings demonstrated that some partial inverse agonists dis-
played more pronounced negative efficacy at wild-type recep-
tors than at their CAMs. This observation might be helpful to
compare results from studies in which inverse agonism has
been investigated in different experimental systems, i.e., on
wild-type receptors versus their CAMs.

The results of our study demonstrate that a large number
of structurally different a-blockers, including all the tested

Inverse Agonism at «,-Adrenergic Receptor Subtypes 865

quinazolines are inverse agonists at both the a,,- and a;,-AR
subtypes. In contrast, several N-arylpiperazines displayed
different properties at the two a1-AR subtypes being inverse
agonists with profound negative efficacy at the a;,-AR, but
not at the a;,-AR. An important finding of our study is that
REC 15/3039, REC 15/2739, and REC 15/3011 are the first
a-blockers identified so far that do not display inverse ago-
nism at one of the a1-AR subtypes, namely, a,.

The quinazolines, including prazosin, terazosin, and al-
fuzosin, which are among the most commonly used a-block-
ers, can display unwanted effects in vivo on the cardiovas-
cular system such as orthostatic hypotension. In contrast,
REC 15/2739, REC 15/2869, and REC 15/3011 are charac-
terized by high selectivity for the urogenital tissues and
seem to have less pronounced effects on the cardiovascular
system in vivo (Testa et al., 1997). This was mainly dem-
onstrated by the fact that in anesthetized dogs at doses
effective in inhibiting norepinephrine-induced urethral
contractions prazosin resulted in a decrease in dyastolic
blood pressure, whereas the REC compounds did not. The
pharmacological effects of REC 15/3039 in vivo or in dif-
ferent tissues have not been investigated. In future stud-
ies, it will be interesting to identify novel a-blockers that
are neutral antagonists at one or more «1-AR subtypes and
to assess whether these compounds, including REC 3039,
have fewer generalized cardiovascular effects compared
with full inverse agonists.

Inverse agonists of GPCRs might be of therapeutic use in
pathological conditions resulting from activating mutations
of receptors (Milligan et al., 1995). However, in most cases
drugs are used to limit the action of endogenous agonists and
inverse agonists should have no benefit over neutral antag-
onists. The clinical effect of inverse agonists could be relevant
in tissues where GPCRs display high constitutive activity.
Unfortunately, because spontaneous activity of wild-type re-
ceptors in vivo is difficult to assess, the clinical implications
for the use of inverse agonists versus neutral antagonists
remain a matter of debate. However, the distinction of recep-
tor blockers as inverse agonists versus neutral antagonists
might allow a better interpretation of the pharmacological
effects of clinically used drugs with respect to their mecha-
nism of action and contribute to assessing the therapeutic
implications of inverse agonism.

The results of our work might provide an important con-
tribution to further elucidating the pharmacological effects of
drugs acting at the a1-AR subtypes and to optimizing their
therapeutic use. They also provide useful information about
the structure-activity relationships of a-blockers. In the fu-
ture, mutagenesis studies aimed at identifying the docking
sites on the a1-AR subtypes for inverse agonists and neutral
antagonists might help in delineating receptor domains cru-
cially involved in the inhibition of receptor isomerization and
activation.
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