
b i o c h e m i c a l p h a r m a c o l o g y 7 3 ( 2 0 0 7 ) 1 0 5 1 – 1 0 6 2
Structure–function of a1-adrenergic receptors
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a b s t r a c t

The Easson–Stedman hypothesis provided the rationale for the first studies of drug design

for the a1-adrenergic receptor. Through chemical modifications of the catecholamine core

structure, the need was established for a protonated amine, a b-hydroxyl on a chiral center,

and an aromatic ring with substitutions capable of hydrogen bonding. After the receptors

were cloned and three a1-adrenergic receptor subtypes were discovered, drug design

became focused on the analysis of receptor structure and new interactions were uncovered.

It became clear that a1- and b-adrenergic receptors did not share stringent homology in the

ligand-binding pocket but this difference has allowed for more selective drug design. Novel

discoveries on allosterism and agonist trafficking may be used in the future design of

therapeutics with fewer side effects. This review will explore past and current knowledge of

the structure–function of the a1-adrenergic receptor subtypes.
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1. Art Hancock

This review is dedicated to the memory of Art Hancock because

of his involvement in structure–function studies of a1-adre-

nergic receptors (ARs) throughout his career. He performed

early characterizations of the structure–function between a1-

and a2-ARs by both pharmacological evaluation and modeling

of the compounds [1]. He led development of the first

synthesized a1A-AR-selective agonist, A-61603, highly used in

academia [2]. When the field was looking for an in vivo function

for the new a1D-AR subtype, his work determined that this

receptormediated the contraction of the rat aorta [3]. Hestudied
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the uroselectivity of a1-AR agonists and antagonists for the

treatment of benign prostatic hyperplasia and stress urinary

incontinence [4–9] and performed structure–function of bi- and

tri-cyclic indoles as a1A-AR-selective antagonists [10,11].
2. The precloning era

2.1. Easson–Stedman

Structure–activity relationships in the a1-ARs had their birth-

place in the hypothesis of Easson and Stedman [12]. This
.
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Fig. 2 – Chemical structures for common a1-AR agonists.

a1-AR agonists can be grouped into two classes:

imidazolines (cirazoline and oxymetazoline) and

phenethylamines ((S) epinephrine and (S) phenylephrine).

Most imidazolines do not have chiral centers, and the

positive charge on the nitrogen resonates between the two

nitrogens in the imidazole ring.
theory was an attempt to explain the functional differences

between the enantiomers of biogenic amines (i.e. a pair of

isomers that are mirror images of one another because of

changes around a chiral center). Central to the hypothesis was

a three-point attachment to a putative receptor-binding

pocket critical to the full function of a sympathomimetic

amine composed of the [1] the basic nitrogen [2], the hydroxyl

group off the b-carbon, and [3] the phenyl group, where potent

agonist activity is dependent on the presence of appropriate

hydroxyl-substitutions (Fig. 1). According to the Easson–

Stedman hypothesis, potency is enhanced by the b-hydroxyl

on the chiral carbon, and this has been confirmed to contribute

about a 10–100-fold increased potency for the R(�) enantio-

mers. This hypothesis explained why the most potent a1-AR

agonists are the R(�) enantiomers but only for phenethyla-

mine-type agonists and not most imidazolines, which lack the

b-hydroxyl and chiral center (Fig. 2). Imidazolines that were

synthesized to contain a b-hydroxyl at the chiral center

actually had a decreased activity at a1-ARs instead of the

predicted 10–100-fold increased activity [13].

Besides the obvious crucial role of the basic nitrogen atom

in a biogenic amine, its position relative to the aromatic ring is

important. Optimal agonist potency is obtained when the

nitrogen is separated from a saturated six-member ring [14] by

three-carbon units (N + 3 rule). Basic nitrogens can be

contained within a cyclic structure, such as with imidazolines,

but must retain a defined footprint relative to the aromatic

ring. Quaternization of the nitrogen atom, or its replacement

by a neutral atom such as oxygen, dramatically reduces its
Fig. 1 – The Easson–Stedman hypothesis. While the specific

receptor residues were not known at the time of this

hypothesis, they are included to show validity. The

hypothesis states that catecholamines interact with the

receptor in a three-point contact. (1) The protonated amine

of norepinephrine interacts with an aspartic acid (ASP)

residue in TM 3. (2) The b-hydroxyl on a chiral center

interacts with an asparagine (ASN) in TM 6. (3) An

aromatic ring with hydrogen-bonding substitutions

interacts with serines in TM 5.
potency and intrinsic activity [15]. In addition, substituents on

the basic nitrogen are poorly tolerated in a1-ARs for either

agonists or antagonists, usually being limited to one carbon

length. However, they are well tolerated in b-ARs, with

increasing steric bulk adjacent to the nitrogen being asso-

ciated with increased antagonist potency or increased agonist

selectivity [16].

The other critical component of agonist potency is the

aromatic ring and its hydroxyl-substituents. Mutagenesis

studies indicated the importance of an aromatic ring for agonist

binding [17] as well as for agonist efficacy [18]. Hydrogen-

bonding substitutions on the aromatic ring can greatly

influence both binding and functional agonism. Initially in

the b2-AR, meta- and para-hydroxyl substitutions that mimic

norepinephrine and epinephrine seemed essential for full

agonism [19], but the a1-ARs were shown to be quite tolerant of

the position and chemical group so long as hydrogen-bonding

was capable at the meta-position of the ring [20]. In addition,

fluorine substitutions in the ortho-positions 2 and 6 in

epinephrine can confer selectivity between a- and b-ARs [21].

2.2. Phenethylamines versus imidazolines

By the 1970s, Patil et al. [22] had shown the validity of the

Easson–Stedman hypothesis for virtually all phenethyla-

mines. Most imidazolines were found to have better selectivity

for the a2-ARs [15]. Of the notable exceptions, it was realized

early that the way phenethylamines interacted with the a1-AR

was different from the interactions with imidazolines [23,24].

At the time, it was not known if this was due to different

subtypes of a1-ARs or to the way they interacted with the same

receptor. The work of Minneman et al. in the 1990s showed

that most imidazolines had selectivity for the a1A-AR subtype

[25]. We also showed some years later that imidazolines

(discussed in more detail later) interact with residues closer to

the cell surface in the a1-AR-binding pocket, much like a1-AR



b i o c h e m i c a l p h a r m a c o l o g y 7 3 ( 2 0 0 7 ) 1 0 5 1 – 1 0 6 2 1053
antagonists [26], which also explains why most imidazolines

have poor intrinsic activity.
3. Mutagenesis-based structure–function

3.1. How many subtypes are there again?

Before the discussion of the structure–function of cloned

receptors, there is a need to be clear about the classification,

since this was once a matter of intense confusion. First

characterized in isolated tissue, a1-ARs were initially divided

into the a1A- and a1B-AR subtypes based upon the interpreta-

tion of two-site-binding curves in rat brain to WB4101 and

phentolamine, with the a1A-AR having a higher affinity for

these ligands [27]. The first a1-AR that was cloned was the a1B-

AR, derived by the cloning of oligonucleotide probes based on

peptide fragments of purified receptor [28]. This receptor was

correctly identified as the tissue-studied a1B-AR because of the

cloned receptor’s low affinity for WB4101 and phentolamine.

The confusion began when the next cloned receptor, isolated

through homology screening, was designated as a novel

subtype not previously identified in tissue, namely the a1C-AR

[29]. This expressed receptor had high affinity for typical a1A-

AR ligands, and had this been the sole criterion for classifica-

tion, the investigators would have labeled this clone the a1A-

AR. However, contributing to its mis-classification was its

isolation from a bovine cDNA library, and its expression in

bovine tissues was not readily detected. Thus, not having a1A-

AR-like tissue distribution, and in addition having sensitivity

to chlorethylclonidine, an alkylating agent mistakenly

thought at the time to be selective for the a1B-AR, led to the

conclusion of a new subtype. Hence, this cloned receptor

appeared to have unique properties not described before in

tissue, and it appeared repeatedly in the literature as the a1C-

AR. A few years later, two groups re-cloned the same receptor

from a rat cDNA library, whose tissues were more thoroughly

characterized for a1A-AR pharmacology, and they demon-

strated that the mis-classified cloned a1C-AR really repre-

sented the pharmacologically defined a1A-AR [30,31]. During

this mix-up with the a1C-AR, another receptor was cloned and

was designated as the a1A-AR, because this subtype was not

yet identified by cloning and the expressed receptor had high

affinity for WB4101 and phenylephrine, both supposedly a1A-

AR-selective ligands [32]. In reality, this clone was the truly

novel receptor subtype; when it was independently cloned,

and more extensively analyzed to reveal novel pharmacology,

it was named the a1D-AR [33]. Therefore, all studies that cite
Table 1 – Sequence alignment between the a1A-AR and the b2

bonding with the catechol hydroxyls

The numbers refer to the number of amino acids in the primary sequen
the a1C-AR should be interpreted as really being about the a1A-

AR. In summary, the designation a1C-AR is no longer used; the

three a1-AR subtypes, characterized in both expressed

systems and native tissues, are the a1A-, a1B-, and a1D-ARs [34].

3.2. a1-ARs: not a copycat of b-AR agonism

From the first adrenergic receptor clone, the b2-AR, we learned

that the receptor had a seven transmembrane (TM) topology-

like rhodopsin [35] and a ligand-binding site within the

hydrophobic core of the receptor [36]. Substitution of the

critical Asp in TM 3 indicated that this residue was involved in

a salt-bridge contact with the protonated amine of the

agonists, needed for both affinity and efficacy [37]. Since they

recognize the same endogenous catecholamines, most of the

mutagenesis studies to determine the ligand-binding pocket

in the b-ARs were expected to be equally translatable to the a1-

ARs. This notion initially held true for the way the catechol

hydroxyls interact with the receptor’s serine residues in TM 5

[19]. The data suggested that catecholamine agonists inter-

acted with the b-AR via two hydrogen bonds derived from

phenyl-substitutions that were equal in contributing to

affinity and efficacy, one between the hydroxyl side chain of

Ser 204 in TM 5 for the meta-hydroxyl group of the agonist and

a second being the hydroxyl side chain of Ser 207 in TM 5 for

the para-hydroxyl group of the agonist. Our studies suggested

that these interactions were not conserved in the a1-ARs,

which could have been predicted since the equivalent position

of Ser 204 in the b2-AR is not a hydroxyl in the a1A-AR (Table 1).

We found that the meta-hydroxyl of the catecholamine

preferentially interacts with Ser 188 in TM 5 for a1A-ARs,

and it is this hydrogen bond interaction, and not that between

the para-hydroxyl and Ser 192, that allows receptor activation.

This residue alone accounts for essentially full agonism in the

a1A-AR, whereas each serine accounts for roughly half of the

activity in the b-AR. An interaction between the para-hydroxyl

and Ser 192 (equivalent to Ser 207 in the b2-AR) has minimal

contributions to receptor activation. Furthermore, since Ser

188 and Ser 192 are separated by three residues on TM 5 in the

a1A-AR, whereas Ser 204 and Ser 207 of the b2-AR are separated

by only two residues (Table 1), the orientation of the serines in

the TM 5 helix are different, requiring the catechol ring in the

a1-AR-binding pocket to be rotated approximately 1208 relative

to that in the b2-AR (Fig. 3). This results in the meta-hydroxyl

interaction in the b2-AR being closer to TM 6 in the binding

pocket, while the meta-hydroxyl interaction in the a1-AR is

closer to TM 4 [38]. Modeling also suggests that the catechol

ring may be in a more planar orientation in the a1-ARs while it
-AR for the TM 5 serine residues (S) involved in hydrogen

ce for each receptor.
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Fig. 3 – Serine–hydroxyl interactions between the b2- and a1A-AR. Ser 204 in the b2-AR interacts with the meta-hydroxyl

while Ser 207 interacts with the para-hydroxyl of epinephrine, each contributing equally to agonism. This results in a

skewed orientation of the catechol ring in the ligand-binding pocket. However, in the a1A-AR, Ser 188 interacts with the

meta-hydroxyl and was identified as the major interaction for agonism, resulting in a weak Ser 192 interaction with the

para-hydroxyl near TM 6. This results in a more planar orientation of the catechol ring. Because the orientation of the

serine residues on TM 5 is different (Ser 204 is closer to TM 6 while Ser 188 is closer to TM 4), this results in the catechol ring

becoming rotated 1208 in the a1A-AR relative to the b2-AR (note the position of the meta-hydroxyl). Reproduced with

permission from [28].

Table 2 – Sequence alignment between the a1B-AR and
the b2-AR for aromatic residues in TM 6 involved in
catecholamine binding and activation

The numbers refer to the number of amino acids in the primary

sequence for each receptor.
is skewed relative to the surface in the b2-ARs. Subsequent to

our work, the b2-AR serine interaction with the catechol

hydroxyls was revisited. Using the substituted cysteine

accessibility method, Liapakis et al. [39] found that, in addition

to Ser 204 and Ser 207, Ser 203 is also accessible in the binding-

site crevice and that both Ser 203 and Ser 204 appear to interact

with the meta-hydroxyl of catecholamines, perhaps through a

bifurcated hydrogen bond. This revised binding scenario still

maintains the skewed and rotated orientation of the catechol

ring in the b2-AR relative to a1-ARs. Thus, our work has

structurally explained previous drug-based studies that

indicated that meta-substitutions on the aromatic ring were

needed for essentially full agonism in the a1-ARs [20]. In

addition our studies also explain why 2- or 6-substituted

fluorine compounds can discriminate between b- and a1-ARs,

respectively, even though both are ortho-substitutions [21],

because of the different orientations of the aromatic ring

between the binding pockets of the two receptor families.

Another area of interaction between the catecholamine

and the receptor-binding pocket previously thought conserved

between the b2-AR and a1-ARs is the aromatic contacts with

the phenyl ring of agonists. Studies in the b2-AR established
the role of two aromatic Phe residues in TM 6 (Phe 289 and 290

in the b2-AR, equivalent to Phe 310 and 311 in the a1B-AR)

interacting with the phenyl ring of catecholamines but not

antagonists [40]. Interestingly, while these two Phe residues

are strictly conserved (Table 2), their roles in agonist binding

and activation are very different. In the a1B-AR, only Phe 310 is

critically involved, both in forming an aromatic–aromatic

interaction with the catecholamine phenyl ring and in

receptor activation (Fig. 4) [18]. The altered catechol ring



b i o c h e m i c a l p h a r m a c o l o g y 7 3 ( 2 0 0 7 ) 1 0 5 1 – 1 0 6 2 1055

Fig. 4 – Residues involved in agonist binding in the a1-ARs. The view is looking down upon the extracellular face of the

binding pocket. Mutagenesis studies have identified Asp 125 in TM 3 to interact with the protonated amine of

catecholamines. Cys 128 in TM 3 is involved in agonist-selective signaling. Phe 163 in TM 4 is involved in aromatic

interactions with the catechol ring as well as Phe 187 in TM 5. Ser 188 in TM 5 is involved in binding to the meta-hydroxyl of

catecholamines. Ala 204 and Val 185 in TM 5 and Leu 314 and Met 293 in TM 6 are involved in conferring agonist selectivity

between the a1-AR subtypes. Leu 290 and Phe 360 in TM 6 account for why the ability of the a1A-AR to accommodate bulky

substituents in the para-position of catechol ring structures. Phe 310 in TM 6 interacts with the aromatic ring of

catecholamines. Lys 331 in TM 7 is involved in a1-AR agonism by forming a salt-bridge to Asp 125 in TM 3. Numbering and

residues are identified with their corresponding a1-AR subtypes in parentheses. Modeling was done independent of the

rhodopsin structure and extracellular loops are removed for clarity.
orientation demonstrated with the serine mutagenesis may

also contribute to this aromatic agonist docking difference

between b- and a1-ARs.

3.3. The b-hydroxyl interaction?

The amino acid residue responsible for explaining the

stereoselectivity of a1-AR agonists remains inconclusive. In

early studies, it was proposed that Ser 165 in TM 4 of the b2-AR

interacted with the hydroxyl on the b-carbon, and this was

inferred to occur in the other adrenergic family members [40].

However, it was modeling studies that suggested this

interaction, as the data were inconclusive, as receptors

mutated at this residue failed to be expressed. Another study

in the a2-AR mutated the analogous Ser 165 to alanine, but this

had no effects on dopamine binding (which lacks the b-

hydroxyl), or on the enantiomers of norepinephrine or

epinephrine [41], suggesting that Ser 165 is not the residue

interacting with the b-hydroxyl. Another study mutated Ser 90

on TM 2 or Ser 419 on TM 7 to alanine, which produced a

selective reduction in the affinity of the (�)-enantiomers of

catecholamines for the a2A-AR, with no effect on the (+)-

enantiomers or the corresponding b-desoxy analogs [42].

However, modeling these interactions in the a2-AR is not
consistent with other models and orients the agonist in

unusual positions and at the opposite end of the binding

pocket predicted for catecholamine agonists.

Yet another residue seems to be involved in the b-hydroxyl

interaction in the b2-AR. While confirming that a functional

mutation of Ser 165 did not affect stereoisomer binding,

mutation of Asn 293 in TM 6 was shown to be involved in the

interaction of the b-hydroxyl group of isoproterenol [43]. In

contrast, mutation of this corresponding area in the a2A-AR

which contains three potential hydrogen-bonding amino

acids (Thr 393, Tyr 394, Thr 395) reduced the affinity of both

the (�)- and (+)-enantiomers of catecholamines, indicating

that these mutations are not selective for the (�)-enantiomers

and are not likely to be involved in the b-hydroxyl group

interaction [42]. Yet another study in the a2A-AR has

suggested that the b-hydroxyl in each of the R-isomers of

phenethylamines forms a hydrogen bond to Asp 113 in TM 3,

using docking simulations [44]. One explanation for these

discrepancies is that the b-hydroxyl interaction in each

adrenergic receptor family is different or involves many

residues, such that mutation of one or two is not sufficient for

clear interpretation. The inconclusive nature of this resi-

due(s) is likely to hold for any direct future studies in the a1-

ARs.
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3.4. Novel residues involved in agonism at a1-ARs

With the identification of residues in the a1-AR that contact

the protonated amine (Asp in TM 3), the catechols (two Ser in

TM 5) and phenyl ring (Phe in TM 6) all of the receptor contacts

for epinephrine were thought to have been already identified

(Fig. 4). Since a1-AR ligands contain a high degree of aromatic

character, we decided to explore novel aromatic residues in

the a1-AR that might play a role in ligand recognition. Selecting

aromatic residues in the putative a1-AR-binding pocket that

are not conserved in the b2-AR, we identified two phenyla-

lanine residues (Phe-163, Phe-187) of the a1A-AR located near

the surface of TM 4 and TM 5, respectively, that were obvious

candidates for mutagenesis (Table 3) (Fig. 4). These Phe163Gln

and Phe187Ala mutations had greater impact on the binding

properties of catecholamines and phenethylamines than on

the imidazoline class of agonists, again suggesting that there

are differences in the three-dimensional geometry of the

agonist-binding pocket recognized by these two drug classes

[17]. The potency but not the efficacy of epinephrine in

stimulating inositol phosphates was reduced at the

Phe163Gln/Phe187Ala mutation, suggesting that these resi-

dues were involved in affinity interactions and not signaling

per se. Since these phenylalanine residues are not conserved

in b2-ARs and a2-ARs, these results also again emphasize the

differences in the agonist-binding pocket of adrenergic family

members, despite the fact they all bind the same endogenous

ligands. These two Phe residues are also not conserved in the

other a1-AR subtypes, which suggests that these residues may

be partly responsible for the increased binding affinity for

agonists at the a1A-AR subtype compared to the a1B- or a1D-AR

subtypes.

Interestingly, each of the binding contacts described above

between receptor and agonist is more complex than a simple

one-to-one independent interaction. In the a1-AR, mutations

that contribute to constitutive activity and affects agonist

binding are synergistic when mutations are combined [45]. In

the wild-type b2-AR, it has been shown that both binding and

efficacy are synergistic with various types of phenylethyla-

mine substitutions [46]. These results are consistent with a
Table 3 – Sequence alignment between the a1A-AR and
the b2-AR for aromatic residues in TMs 4 and 5 involved
in catecholamine binding and activation

Phenylalanine (F) residues in the a1A-AR are near the surface of the

receptor and not conserved in the b2-AR. Serine (S) residues in TM5

are bolded for comparison. The numbers refer to the number of

amino acids in the primary sequence for each receptor.
mechanism in which each binding contact contributes to

helical movements that act in a concerted fashion in agonist-

induced activation; such synergism is predicted if multiple

helix movements are involved in receptor activation.

3.5. Agonist selectivity

In addition to general points of contact with catecholamine

agonists, residues in the binding pocket can also contribute to

the ability of the a1-AR subtypes to recognize synthetic

agonists that are more valuable for drug design. The three

cloned subtypes, although structurally similar, bind a series of

synthetic ligands with different relative potencies. This is

particularly true for the a1A-AR, which recognizes several

agonists and antagonists with 10–100-fold higher affinity than

the a1B- or a1D-AR subtypes. Using site-directed mutagenesis,

selected putative ligand-binding residues in the a1B-AR were

converted, either individually or in combination, to the

corresponding residues in the a1A-AR. Mutation of only two

such residues (out of approximately 172 amino acids in the

TMs) converted the agonist-binding profile of the a1B-AR to

that of the a1A-AR. Over 80% of this conversion was due to an

Ala204Val substitution in TM 5; the remainder was due to the

additional Leu314Met substitution in TM 6, which was

confirmed by the reversal mutation in the a1A-AR (Val185Ala

and Met293Leu) (Fig. 4) [47]. These data again suggest that

having large hydrophobic substitutions on the ortho-6-carbon

position of the aromatic ring confers a1A-AR agonist selectiv-

ity. Indeed, in later studies in which Art Hancock contributed,

imidazoles containing a bulky substituent at the ortho-position

are a1A-AR-selective agonists, as predicted [48].

In mutating residues between the a1A- and a1D-AR

subtypes, one particular amino acid residue in TM 6, Leu

290 in the a1A-AR or Phe 360 in the a1D-AR, was found to be

important in shaping this end of the agonist-binding pocket,

such that large hydrophobic molecules placed at the para-

position of the phenyl ring of a1-AR ligands increased a1A-AR

agonist selectivity (Fig. 4) [49]. Phe 360 in the a1D-AR effectively

closed the binding pocket to para-substituted compounds,

while Leu 290 in the a1A-AR can accommodate the increased

bulk. From these data, in conjunction with macromolecular

modeling of the ligand-binding pocket, a model has been

developed (Fig. 4). The data suggest that the importance of

these residues for a1-AR agonist binding is due not only to

interactions between their side chains and specific ligand

moieties but also to critical interactions between these amino

acids themselves.

3.6. Modulation of agonist activity: allosterism

A potential mechanism to modulate agonist action at a1-ARs is

though allosterism. It is becoming more evident that GPCRs

possess extracellular and intracellular allosteric-binding sites

that can be recognized by a variety of small molecules.

‘‘Allosteric’’ modulators of GPCRs interact with binding sites

on the receptor that are topographically distinct from the

‘‘orthosteric’’ site recognized by the receptor’s endogenous

agonist. This has been most clearly documented for the

muscarinic acetylcholine receptors [50,51]. Allosteric modu-

lators offer many advantages over classic ligands since they
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may provide greater receptor subtype selectivity and

increased drug safety. Benzodiazepines, classic allosteric

ligands at g-aminobutyric acidA (GABAA) receptors, may be

potential allosteric modulators at a1-ARs. At transfected a1B-

ARs and a1D-ARs, the maximal inositol phosphate response to

phenylephrine was potentiated almost two-fold by either

midazolam or lorazepam at 100 mM. Diazepam, lorazepam,

and midazolam all increased the maximal response of the

partial agonist clonidine at a1A-ARs, whereas the response to

the full agonist phenylephrine was unaltered or even inhibited

[52]. The potentiating actions of midazolam and its partial

agonism at a1-ARs were blocked by the addition of prazosin

but not by a GABAA receptor antagonist. There were also no

GABAA receptor sites detected in the cell line. These studies

show that benzodiazepines modulate the function of a1-ARs in

a subtype-specific manner and may reveal an allosteric site on

a1-ARs.

Other compounds reported to be allosteric modulators of

a1-ARs include a peptide contained in the venom of the

predatory marine snail Conus tulipa, r-TIA. This peptide did not

cross-react with a2-ARs. The unique allosteric antagonism of

r-TIA may allow the development of inhibitors that are highly

subtype selective [53]. A thiadiazole compound, SCH-202676

(N-(2,3-diphenyl-1,2, 4-thiadiazol-5-(2H)-ylidene)methana-

mine), has been identified as an inhibitor of both agonist

and antagonist binding to many different GPCRs. SCH-202676

inhibited radioligand binding to a number of structurally

distinct GPCRs, including the human m-, d-, and k-opioid

receptors, a- and b-ARs, M1 and M2 muscarinic, and

dopaminergic D1 and D2 receptors [54], presumably via direct

interaction with a structural motif common to a large number

of GPCRs or by activation/inhibition of an unidentified

accessory protein that regulates GPCR function. It had also

been previously demonstrated that amiloride analogs interact

with a well-defined allosteric site on the human a2A-AR, and

the a1A-AR has now been shown to possess a similar site. Five

analogs of amiloride interacted with the a1A-AR in a manner

consistent with two allosteric sites, a much more complex

interaction than was found for the a2A-AR [55].

3.7. Modulation of agonist activity: agonist-selective
signalling

A structure–function relationship that may have profound

effects in future therapeutic applications is the phenomenon

of agonist-selective signaling. According to the ternary

complex model, receptors can exist in two affinity forms

based upon their interaction with the G-protein, and the

proportion of these forms correlates with the intrinsic activity

of the agonist [56]. The extended ternary complex model [57]

states that the receptor exists in an equilibrium of two

functionally distinct states: the inactive (R) and the active (R*)

state [58,59]; theR* state is specific for a G-protein and accounts

for the effects of different classes of drugs on receptor

signaling. An extension of this model suggests that each

agonist is theoretically able to promote its own specific active-

conformation of the receptor, leading to a limitless number of

receptor conformations, R�n. If we can understand how an

agonist induces or stabilizes these conformations and

determine which specific signals such conformations regu-
late, this may lead to the development of better targeted drugs

with selective therapeutic effects.

a1-ARs can couple to multiple G-proteins, thus, potential

for multiple receptor conformations selective for each G-

protein [60]. The first example of agonist-specific states in the

a1-ARs was seen in a Cys128Phe mutation in TM 3 of the a1B-

AR, one helix-turn below the critical Asp 125 involved in

binding the protonated amine of the agonist (Fig. 4). This

mutation constitutively activated the receptor but the con-

stitutive activation was selective for phospholipase C signal-

ing but not signaling via phospholipase A2 [61]. It was also

found that phenethylamines, from full to partial agonists,

were able to recognize this ‘‘selective active-state’’ as

determined by enhanced binding and potency changes.

However, imidazoline agonists did not change in either their

binding or signaling characteristics, again suggesting that

imidazolines were not binding the same way as epinephrine

and were not able to recognize this specific activated

conformation. Saturation mutagenesis of the Cys 128 site

revealed various degrees of constitutive activity, with the

greatest activity seen with large hydrophobic residues such as

Phe, Trp, Tyr, and Met. These results suggest that these

residues perturb a constraining factor, which we suggested to

be a salt-bridge constraint between the critical Asp 125 in TM 3

and Lys 331 in TM 7 (Fig. 4) [62]. Modeling studies suggest that

Cys 128 either projects into the ligand-binding pocket near this

salt-bridge or perturbs the hydrophobic packing of the TM 2–

TM 3 interface (Fig. 4).

Interestingly, this Cys in TM 3 is strictly conserved in the b2-

AR sequence, and the analogous Cys116Phe mutation was

created in the b2-AR [63] and gave similar phenotypes. The b2-

AR Cys116Phe mutant exhibited selective constitutive activity

of the Na/H exchanger, NHE-1, without constitutively activat-

ing the Gas/adenylate cyclase pathway. Analogous phenotypes

have been seen when this region in TM 3 has been mutated in a

variety of other GPCRs, such as the angiotensin receptor (Asn

111) [64], the CXCR4 chemokine receptor (Asn 119) [65], the

platelet-activating factor (PAF) receptor (Asn 100) [66] and the

bradykinin receptor (Asn 113) [67], suggesting that this region

may be widely conserved target for in inducing agonist-

specific conformations in GPCRs.

While mutational changes that induce specific conforma-

tions may not be indicative of native receptor conformations,

one study in the a1-ARs has used a series of agonists to

demonstrate the sameconcept of agonist trafficking ina normal

receptor. Agonist-selective signaling was demonstrated using

norepinephrine and the meta- and para-isomers of octopamine,

which are also referred to normetanephrine and para-hydroxyl

analogs, respectively [68]. The rank order of potencies of the

three agonists was the same for all the three a1-AR subtypes

when coupled to either the IP3 or arachidonic acid pathway:

norepinephrine>meta-octopamine > para-octopamine. How-

ever, their efficacy to activate these pathways was different.

Meta-octopamine was a partial agonist at the a1A-AR subtype,

while para-octopamine was a full agonist when arachidonic

acid release was measured. In contrast, at the a1B-AR subtype,

the isomers switched efficacy, with meta-octopamine being the

full agonist but para-octopamine only a partial agonist of

arachidonic acid release. Since meta- or para-octopamine were

not full agonists at accumulating inositol phosphates at any a1-
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AR subtype, these results suggest that these isomers induce or

stabilize an a1-AR conformation that is better at coupling to

arachidonic acid release than to inositol phosphates and that

the conformations adopted by the a1-AR subtypes are different

from each other. Therefore, this study indicates that, at the level

of the drug and independent of mutational changes in the

receptor, agonist-selective signaling is possible.
Fig. 5 – Residues involved in antagonist binding in the a1-ARs: (A

a-carbon coordinates [64], residues involved in a1-AR antagonis

of rhodopsin. Phe 86 in TM 2 discriminates the a1A-AR-selectiv

type antagonists. Gln 196, Ile 197, and Asn 198, which are in th

selective antagonists phentolamine and WB4101. Phe 308 and P

antagonists as well as imidazoline-type agonists. Ser 188 in TM

comparison of the depth of the antagonist-binding pocket. All r
3.8. Antagonist binding

Although agonist binding in adrenergic receptors is now fairly

well understood and involves residues located in TMs 3–6,

there are few residues reported to be involved in antagonist

binding. It had been speculated that antagonist binding is

quite diverse depending upon the chemical structure of the
) surface view and (B) side view. Using the bovine rhodopsin

t binding were substituted in the corresponding positions

e antagonist niguldipine as well as other dihydropyridine-

e second extracellular loop, discriminate the a1A-AR-

he 312 in TM 7 are major aromatic contacts for most a1-AR

5, which is involved in agonist binding, is shown for

esidues are numbered according to the a1A-AR subtype.
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antagonist, which can be quite different from agonist

structures. In fact, a major docking site for antagonists has

never been reported in any G-protein coupled receptor other

than the a1-AR. Early studies involving chimeric receptors

between the b1- and b2-AR failed to reveal discrete residues

involved in antagonist binding [69,70], suggesting that global

conformations and not single residues were responsible for

antagonist affinity. However, we and others have defined

discrete residues involved in a1-AR antagonist binding.

Mutagenesis studies in our laboratory have revealed that

the a1-AR subtype selectivity of two a1A-AR antagonists,

phentolamine and WB4101, is conferred by interactions with

three consecutive residues on the second extracellular loop

[71]. Three point mutations in the a1B-AR (Gly196Gln,

Val197Ile, Thr198Asn) were additive in increasing affinity for

phentolamine and WB4101 to those at the a1A-AR (Fig. 5).

Similar results on the role of the second extracellular loop on

antagonist binding were also obtained for the 5-HT1D receptor

[72], the opioid receptor [73] and the dopamine D2 receptor

[74], suggesting that GPCRs in general may make use of

extracellular loop 2 in antagonist binding. These observations

indicate that, in contrast to agonist binding, which is localized

closer to the interior core of the receptor, antagonists interact

with residues closer to the extracellular surface of adrenergic

receptors, above the plane of the agonist-binding pocket. The

high-resolution structure of bovine rhodopsin indicates that

the extracellular loop 2 also forms part of the binding site for

retinal [75], suggesting that the involvement of extracellular

loop 2 may be conserved across GPCRs and may be one

component of an universal ligand-binding site.

Another major contact site for antagonists is found near

the surface of TM 7, which interacts with both selective and

non-selective antagonists. Early studies indicated that a

single residue in TM 7 (Phe 412 in the a2-AR) conferred

sensitivity to certain b1-AR antagonists [76]. We identified two

phenylalanine residues in TM 7 of the a1A-AR (Phe 312 and Phe

308) that are a major contributor to antagonist binding (Fig. 5)

[16]. Mutation of either Phe 308 or Phe 312 resulted in

significant losses of affinity (4–1200-fold) for the antagonists

prazosin, WB4101, BMY7378, (+)-niguldipine, and 5-methy-

lurapidil, with no changes in affinity for phenethylamine-

type agonists such as epinephrine, methoxamine, or pheny-

lephrine. Interestingly, both residues were also involved in

the binding of all imidazoline-type agonists such as oxyme-

tazoline, cirazoline, and clonidine, confirming previous

evidence that this class of ligands binds differently than

phenethylamine-type agonists and that their binding may be

more antagonist-like, which could also explain their partial

agonist properties.

Other mutagenesis studies have indicated the importance

of phenylalanine residues located close to the extracellular

surface of TM 2 in antagonist binding at a1-ARs. Mutagenesis

reveals that a phenylalanine residue (Phe 86) at the surface of

TM 2 in the a1A-AR accounts for the a1A-AR versus a1D-AR

selectivity of dihydropyridine antagonists such as niguldipine

(Fig. 5) [77]. In fact, many a1-AR antagonists have bulky

lipophilic substituents, such as that found on niguldipine,

suggesting that additional parts of TMs 1 and 2 may be

involved in antagonist binding and not just this one reported

residue.
In modeling these interactions from various mutagenesis

studies and using the current backbone structure of rhodop-

sin, we conclude that antagonist binding is docked higher in

the pocket than agonist binding, closer to the extracellular

surface, and may be skewed toward TM 7 (Fig. 5). Modeling

studies from other labs also suggest that the a1-AR antago-

nists, prazosin, tamsulosin and KMD-3213 all dock with amino

acid residues near the extracellular surface, consistent with

our hypothesis [78].

Arguments have been made that structure–function

studies on GPCRs are inconsequential since pharmaceutical

companies have relied upon screening large chemical libraries

to obtain novel compounds. However, after years of screening,

no compounds with 1000-fold or more selectivity between the

adrenergic receptor subtypes have been discovered. This

degree of selectivity is needed to prevent cross-talk between

receptor subtypes. In reality, novel pharmacophores may be

obtained through screening but structure–function knowledge

is still needed to enhance selectivity. Structure–function work

will have a future impact on drug design as the more selective

we design therapeutics, the less side effects that will occur.
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