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Abstract—In this study, we conducted a comparative analysis of the structure of agonists and antagonists of transmembrane
(TM) B-adrenoceptors (B-ARs) and their interactions with the 3-ARs and proposed the mechanism of receptor activation.
A characteristic feature of agonist and antagonist molecules is the presence of a hydrophobic head (most often, one or two
aromatic rings) and a tail with a positively charged amino group. All 3-adrenergic agonists have two carbon atoms between
the aromatic ring of the head and the nitrogen atom of the amino group. In antagonist molecules, this fragment can be ei-
ther reduced or increased to four atoms due to the additional carbon and oxygen atoms. The agonist head, as a rule, has two
H-bond donors or acceptors in the para- and meta-positions of the aromatic rings, while in the antagonist heads, these do-
nors/acceptors are absent or located in other positions. Analysis of known three-dimensional structures of 3-AR complexes
with agonists showed that the agonist head forms two H-bonds with the TMS5 helix, and the tail forms an ionic bond with
the D3.32 residue of the TM3 helix and one or two H-bonds with the TM?7 helix. The tail of the antagonist can form similar
bonds, but the interaction between the head and the TMS5 helix is much weaker. As a result of these interactions, the agonist
molecule acquires an extended “strained string” conformation, in contrast to the antagonist molecule, which has a longer,
bended, and flexible tail. The “strained string” of the agonist interacts with the TM6 helix (primarily with the W6.48 residue)
and turns it, which leads to the opening of the G protein-binding site on the intracellular side of the receptor, while flexible
and larger antagonist molecules do not have the same effect on the receptor.
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INTRODUCTION

G protein-coupled receptors (GPCRs) constitute the
largest family of cell membrane receptors that includes
over 800 human proteins targeted by at least 30% of cur-
rent medicines (see reviews [1, 2]). This might be the
main reason why GPCRs have been extensively studied
in several recent decades, resulting in the elucidation of
many aspects of their biology, biochemistry, and pharma-
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cology. Originally, the behavior of GPCRs was described
in terms of a simple two-state model; however, there is
growing body of evidence that GPCRs are not molecular
switches, but rather molecular relays, i.e., dynamic pro-
teins with multiple states between active and inactive con-
formations [4-8].

Recent crystallography data have provided the snap-
shots of both active and inactive functional states of GP-
CRs [9, 10]. GPCR structures solved so far share the
same overall fold — a bundle of seven transmembrane
(TM) a-helices with three extra- and three intracellular
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loops. The extracellular interface is responsible for the
ligand binding, while the intracellular portion interacts
with G proteins, P-arrestins, and other downstream ef-
fectors. Analysis of known GPCR structures indicates
that receptor activation is associated with subtle changes
in the extracellular portion of the protein and extensive
rearrangement of the TM helices on the cytoplasmic side
[11, 12]. Agonist binding at the GPCR extracellular inter-
face results in the opening of the intracellular part for the
G protein binding, which promotes G protein activation
(GDP release) and initiates the signaling cascade.

The progress in membrane protein crystallography
and related techniques in the past decade [7, 13] has al-
lowed to elucidate many aspects of GPCR structure, ac-
tivation, and physiology; however, some details of ligand
recognition and receptor activation remain poorly under-
stood. One of the main aims of this study was compara-
tive analysis of the structures of B-adrenoceptor (B-AR)
ligands. Based on the results of this analysis, we proposed
that agonist molecules adopt an extended (“strained
string”) conformation and stabilize the active state of
B-AR, in contrast to antagonist molecules, which have
longer and flexible tail and fail to produce the same effect
on the receptors.

MATERIALS AND METHODS

As the main research approaches in this study, we
used stereochemical analysis of the known three-dimen-
sional structures of B-AR complexes with the correspond-
ing ligands and comparative analysis of the chemical
structure of agonists and antagonists and their conforma-
tions in the complexes. For this, we created a database of
such complexes that included 64 structures determined by
crystallography so far and a database of 3-AR sequences
from the Swiss-Prot UniProt [ 14]. The atomic coordinates
of the complexes were taken from the Protein Data Bank
(PDB, URL: https://www.rcsb.org) [15]. The three-di-
mensional structures of the receptors and their ligands
were analyzed using RasMol [16] and PyMOL Molecular
Graphics System Version 1.4.1 Schrodinger, LLC. B-AR
subtypes designated using the nomenclature recommend-
ed by the NC-ITUPHAR Subcommittee on Adrenergic
Receptors. Amino acid residues in B-ARs were designated
according to the Ballesteros and Weinstein nomenclature
[17]. Multiple sequence alignment was performed with the
Clustal Omega program (1.2.4) included in the UniProt
resource [14]. Images of ligand molecules were taken from
the Drug Informational Portal, ChEBI, and ChemSpider.

RESULTS AND DISCUSSION

Comparative analysis of chemical structures of -AR
ligands. In terms of receptor activation (intrinsic effica-
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cy), GPCR ligands can be categorized into four groups:
(i and ii) full and partial agonists that produce the max-
imal or sub-maximal functional response, respectively;
(iii) inverse agonists that decrease the basal receptor ac-
tivity (activity in the absence of ligand); and (iv) neutral
antagonists, that compete with other ligands for the or-
thosteric binding site, but their interaction with the recep-
tor does not result in the G protein binding.

Table 1 shows chemical structures of B-AR agonists
that have been co-crystallized with the receptor. A char-
acteristic feature of these molecules is the presence of an
aromatic head and a tail with a positively charged amine.
The tail consists of ethanolamine core and various substi-
tutes connected to the amine group. Hydroxyl groups in
the para- and meta-positions of the catechol moieties and
in the para-position in aromatic rings of non-catechol ag-
onists can form hydrogen bonds with the receptor helices.

Aromatic heterocyclic heads of non-catechol agonists
can have other donors and acceptors of hydrogen bonds
that might be involved in the binding with the receptor.
Hence, GPCR agonists have two centers of polar inter-
actions with the receptor (donors/acceptors of H-bonds
of the head and donors/acceptors and positively charged
amine of the tail). One may ask if the distance between
these centers has any influence on the specificity of recep-
tor—ligand interactions. As seen in Table 1, the length of
the tail fragment between the N-atom and the aromatic
ring is the same in all agonists and comprises three co-
valent bonds. In other words, the N-atom is separated
by 2 carbons from the substituted benzene or other aro-
matic ring. Moreover, in all agonists with six-membered
aromatic rings, the O-atoms of hydroxyls located in the
para- and meta-positions and the N-atoms of the tail are
separated by seven and six covalent bonds, respectively.

tFor comparison, Table 2 shows partial agonists,
antagonists, and inverse agonists (referred to as B-block-
ers after Emtage et al. [28]. These compounds also have
aromatic heads and tails with positively charged amine
groups. However, compared to agonists, these ligands
have either longer (Table 2) or shorter (e.g., doxepin and
bretylium tosylate not shown here) tail fragments between
the amine N-atom and the aromatic ring. In most cases,
the N-atom of the amine group is separated from the aro-
matic ring by 4 atoms (often one of them is O). Moreover,
antagonists and inverse agonists presented in Table 2 do
not contain donors or acceptors of H-bonds in the pa-
ra-position of the aromatic head or even lack them at all.
Note that the NH-groups of cyanopindolol and carazolol
are located in the meta-position relative to the tail. Anoth-
er feature of B-blockers is that they typically have larger
heads consisting of two and three rings as compared to
the agonists.

Two centers of polar interactions between -ARs and
their agonists. The orthosteric binding pocket of 3-ARs is
located within the TM region and is primarily composed
of the extracellular fragments of the TM helices 3, 5, 6,
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Table 1. 3-AR agonists that have been co-crystallized with the receptor
B-AR agonist Structure B-AR, organism PII]))B Resolution, References
Carmoterol \&A /9\/©/o\CH3 B,-AR, turkey 2Y02 2.60 [18]
B
or 2Y00 2.50 [18]
H
Dobutamine HOD/\/N B,-AR, turkey
o CHs 6H7L 2.70 [19]
OH
H B,-AR, human | 4LDO 3.20 [20]
HO N
Epinephrine = CH,
- B,-AR, human | 7BTS 3.13 [21]
o
OH o’
6IBL 2.70
,\’: B,-AR, turkey 6TKO 330 [22]
Formoterol
H
& N
Ho™
B,-AR, human | 7BZ2 3.82 [23]
CH,3 CHs,
0
Agj/OH
Hydroxybenzyl-isoproterenol HN B,-AR, human | 4LDL 3.10 [20]
< OH
HO
OH
OH 2Y03 2.85 [18]
| -
o i o B,-AR, turkey
Isoprenaline \( 6H7I | 2.80 [19]
CH,
HO B,-AR, human | 7DHR 3.80 [24]
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Table 1 (Cont.)

B-AR agonist Structure B-AR, organism PI]]))B Resolution, References
OH
HO NH,
Noradrenaline B,-AR, human | 7BU6 2.70 [21]
HO
OH OH 6H7M 2.76 [19]
H CH, B,-AR, turkey
Salbutamol >< 2Y04 3.05 [18]
H.C CH,
HO
B,-AR, human | 7DHI 3.26 [24]
Salmeterol B,-AR, human | 6MXT 2.96 [25]
B,-AR, human | 7BU7 2.60 [21]
4LDE 2.79 [20]
BI167107(Q27464220)
3P0G 3.50
B,-AR, human 3SN6 350 [26]
6N48 3.20 [27]

Table 2. 3-AR blockers (partial agonists, antagonists, and inverse agonists) that have been

co-crystallized with the

receptor
B-AR blocker Structure B-AR, organism PI]]))B Resolution, References
3NYA 3.16 [29]
P CH,
6PS2 2.40
Alprenolol /\(\ J\ B,-AR, human 6PRZ 7280 [30]
0 N CH
H 3
OH
60BA 3.10 [31]
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Table 2 (Cont.)
3-AR blocker Structure B-AR, organism PI%B Resolution, References
NH
Y
CH,
CH,
HN
Bucindolol B,-AR, turkey 4AMI 3.20 [32]
HO
o)
Z
B,-AR, human | 7BVQ 2.50 [21]
B,-AR, turkey 2YCW 3.00 [33]
H 2R4R
N JR4S 3.40 [34]
O O 2RHI 2.40 [35]
Carazolol OH
O\/k/n - 4GBR |  3.99 [36]
\[/ B,-AR, human
SD5SA 2.48 [37]
CH 5D5B 3.80
SIQH 3.20 [38]
6PS0 3.40 [30]
o) OH
~
@[ N /\[ B,-AR, turkey 4AMI 2.30 [32]
o’ o
Carvedilol O
O N B,-AR, human | 6PS3 2.50 [30]
R
2VT4 2.70 [39]
W 2YCX 3.25
K - 2CY | 3115 (331
~
Cyanopindolol N B,-AR, turkey 4BVN 2.10 [40]
O
— \ . 5F8U 3.35 [41]
| =N
N 5
H 6H70 2.80 [19]
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Table 2 (Cont.)
3-AR blocker Structure B-AR, organism PDB | Resolution, References
ID
H
N
/ =1\
o I
ITodocyanopindolol B,-AR, turkey 2YCZ 3.65 [33]
OH
X
H
N
/ —N
7-Methylcyanopindolol © B,-AR, turkey 5A8E 2.40 [42]
OH
><NH
Propranolol )Ci B,-AR, human | 6PS5 2.90 [30]
OH
CH,
. Ho HN%CHg 3D4s | 2.80 [43]
O
Timolol N 0 B,-AR, human
/ A\ 6PS1 3.20 130]
N\S/N 6PS6 2.70
N_ o
- E/\/ \f
OH N
Xamoterol [j B-AR, turkey | 6HTN |  2.50 [19]
o
OH
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Table 2 (Cont.)
3-AR blocker Structure B-AR, organism PI%B Resolution, References
CH, CH,
O
H,C N 3NYS 2.84 [29]
H
(0]
ICI-118,551 B,-AR, human
6PS4 2.60 [30]
CH;
Q27460040 B,-AR, human | 3PDS 3.50 [44]
RN
O/\/\
A
“\\ OH
Q27461782 o B,-AR, human | 3NY9 2.84 [29]
O
\

and 7 (Fig. 1). Multiple biochemical and mutagenesis
studies, as well as analysis of crystal structures of amin-
ergic GPCRs, have allowed to locate critical amino acid
residues in the TM helices [45]. It was demonstrated that
the charged amine of the ligand interacts with Asp residue
D3.32. GPCRs with D3.32 also have a Tyr residue at posi-
tion Y7.43 and contain Asn at position N7.39, which sug-
gests that their side chains are involved in the interactions
with the positively charged moieties in the ligands. There-

fore, these key amino acids form the center for the binding
of amino groups and other polar groups of the ligand tail.

In the second center of polar interactions, all cate-
cholamine receptors have Ser residues at positions S5.42
and S5.46; most of them also have Ser at position S5.43,
so that these residues can form H-bonds with the donors
and/or acceptors of the aromatic head. Recent data [10]
indicate that Thr at position T3.37 also can interact with
polar groups of the ligand head.

BIOCHEMISTRY (Moscow) Vol. 87 No. 7 2022
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Figure 2 shows the alignment of amino acid sequenc-
esof TM helices 3, 5, 6, and 7 in B-AR subtypes 3, B,, and
B3, from different animal species. All key amino acid resi-
dues mentioned above are highly conserved in all 3-ARs.

Comparison of conformations of agonists, antago-
nists, and inverse agonists bound to 3-ARs. Figure 3 shows
crystal structures of the agonist isoprenaline (panel a) and
neutral antagonist cyanopindolol (panel b) bound in the

Extracellular part

TMS

Fig. 1. Typical structure of the agonist complex with TM helices 3, 5 6,
and 7 forming the binding site in B-ARs. The key amino acid residues
interacting with the ligand are shown as circles.

635

main binding pocket of 3 -Ars [18, 33]. The figure shows
the side chains of the amino acid residues forming the two
centers of polar interactions as well as ligand conforma-
tions. As seen in Fig. 3b, the O-C-C-C group of atoms
in cyanopindolol tail acquires a gauche-conformation
(i.e., forms a kink in the tail), while the C-C-C-N group
of atoms in the isoprenaline tail has a trans-conformation
(Fig. 3a).

Figure 4 shows the superimposed structures from
Fig. 3. It is clearly seen that the O-C-C-C group of atoms
forms a kink in the cyanopindolol tail, and the isopren-
aline tail has an extended conformation. Analysis shows
that the same picture is observed in other complexes of ag-
onists and antagonists with the receptors (Tables 1 and 2).

The amine groups of both ligands are located in the
amine-binding center (ID3.32, N7.39, Y7.43), while cate-
chol hydroxyls of isoprenaline and NH- and cyanogroups
of cyanopindolol are situated in the other center of polar
interactions (S5.42, S5.43, S5.46). However, the overall
geometries of the agonist and antagonist molecules are
different. In isoprenaline, the tail has an extended (frans-)
conformation, and the molecule resembles a “strained
string” that stabilizes the active state of the receptor. The
tail of cyanopindolol is bent between the amine N-atom
and the aromatic ring, resulting in the zigzag-like confor-
mation (Figs. 3 and 4). Under other conditions (for ex-
ample, in a native membrane, and not in a crystal), the
tail of the antagonist can be transformed into an extended
conformation and back, i.e., TM helices in the recep-
tor complexes with antagonists can have a greater dy-
namic mobility than in the complexes with agonists (see
Nygaard et al. (2013) [6]).
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Fig. 2. Multiple sequence alignment of TM3, TMS, TM6, and TM7 domains of 3-ARs for different animal species. Domain information and protein
sequences were taken from Swiss-Prot UniProt Knowledgebase (35 proteins) [14]. Key amino acids in the sequences are shown with a gray background.
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Fig. 3. The main binding pocket of the 3,-AR with (a) agonist (isoprenaline; PDB ID, 2Y03) and (b) antagonist (cyanopindolol; PDB ID, 2YCY).

Images are generated using PyMOL Molecular Graphics System.

Fig. 4. Comparison of structures of the agonist (isoprenaline, orange) and antagonist (cyanopindolol, dark cyan) complexes with 8 -AR (PDB ID,
2Y03, yellow, and 2YCY, blue). a) View from the receptor extracellular side; important residues are labeled according to Ballesteros—Weinstein nota-
tion [17]; b) overview of bound ligand conformation. The images are generated using PyYMOL Molecular Graphics System.

We have examined other agonists bound to the cor-
responding aminergic GPCRs and, indeed, the tail frag-
ment between the amine N-atom and the aromatic ring
in these complexes also has an extended conformation
(PDB ID: 2Y00, 2Y02, 2Y04, 3P0G, 3PDS, 3SN6, and
other structures presented in Table 1). On the other hand,
antagonist molecules are bent in the tail fragments be-
tween the amine N-atom and the aromatic ring (PDB ID:
2VT4, 2YCW, 2RH1, 3D4S, 3NY8, 3NY9, 3NYA, 3PBL,
3RZE, and other structures presented in Table 2). These
data suggest that the extended conformation of the agonist
tail is of particular importance in the active state stabi-
lization in B-ARs and other aminergic GPCRs. We can

also speculate that the distance between the two centers
of polar interactions with the agonists should be equal (or
close) to the distance between the corresponding centers
in the activated GPCR.

The role of the agonist “strained string” conformation
in the B-AR activation. Simple geometry considerations
outlined above suggest that the agonist molecule can act
as a “strained string” that stabilizes the arrangement of
TM helices 3, 5, 6, and 7 corresponding to the receptor
active state (Fig. 1). It appears that the interaction with the
agonist bring the TM35 helix closer to the TM3 and TM7
helices. In particular, this “strained string” interacts with
Trp at position W6.48 and Phe residues at positions F6.51
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and F6.52. These interactions are likely to be responsible
for the rearrangement of TM®, i.e., for its rotation and/or
vertical see-saw movement around a pivot in the middle of
the membrane, which results in the opening of the intra-
cellular portion for the G protein binding [46-48]. The in-
teractions with W6.48 result in a subtle rotation of TM6 in
the extracellular portion, which is amplified towards the
cytoplasmic side by the characteristic kink in the helix in-
troduced by Pro residue P6.50 [11]. Unlike an agonist, an
antagonist or an inverse agonist has a longer tail fragments
with a loose conformation, a kink in the middle of the tail,
and weak polar interactions of the head with the TM35 he-
lix. Therefore, they cannot act as a “strained string”, but
instead occupy the active site of the receptor due to the
polar and hydrophobic interactions.

Based on these findings, we propose several predic-
tions on how minor differences in the ligand structure can
influence its functional characteristics:

1. Elongation of the agonist tail between the amine
N-atom and the aromatic ring could result in the agonist
conversion into antagonist.

2. Shortening of the tail fragment in the antagonist or
inverse agonist with polar moieties in the corresponding
positions of their heads may result in their transformation
into agonists or partial agonists.

3. Removal of catechol hydroxyls or the correspond-
ing polar substitutes in other aromatic heads could reduce
the agonist activity. Modifications of these polar substi-
tutes with aromatic or aliphatic groups substitutes, espe-
cially bulky ones, are likely to have a similar effect.

4. Modification of amine groups of ligands (both ag-
onists and antagonists) with bulky substitutes reduce or
even prevent ligand binding to GPCRs.

5. The trans-conformation (extended conformation)
of the agonist tail can be transformed into a gauche- or
cis-conformation by chemical modification, which can
result in the reduction of agonist activity or even trans-
form it into an antagonist.
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