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ABSTRACT Over the last two decades, an increasing number of studies has been devoted to a deeper understanding of the
molecular process involved in the binding of various agonists and antagonists to active and inactive conformations of b2-adren-
ergic receptor (b2AR). The 3.2 Å x-ray crystal structure of humanb2ARactive state in combinationwith the endogenous lowaffinity
agonist adrenaline offers an ideal starting structure for studying the binding of various catecholamines to adrenergic receptors.We
show that molecular docking of levodopa (L-DOPA) and droxidopa into rigid and flexible b2AR models leads for both ligands to
binding anchor sites comparable to those experimentally reported for adrenaline, namely D113/N312 and S203/S204/S207
side chains. Both ligands have a hydrogen bond network that is extremely similar to those of noradrenaline and dopamine. Inter-
estingly, redocking neutral andprotonated versions of adrenaline to rigid and flexibleb2ARmodels results in binding poses that are
more energetically stable and distinct from the x-ray crystal structure. Similarly, lowest energy conformations of noradrenaline and
dopamine generated by docking into flexible b2ARmodels had binding free energies lower than those of best poses in rigid recep-
tor models. Furthermore, our findings show that L-DOPA and droxidopa molecules have binding affinities comparable to those
predicted for adrenaline, noradrenaline, and dopamine, which are consistent with previous experimental and computational find-
ings and supported by the molecular dynamics simulations of b2AR-ligand complexes performed here.
SIGNIFICANCE The b2-adrenergic receptor, which belongs to the vast family of guanine nucleotide-binding protein
coupled receptors, is a transmembrane protein that is activated by the catecholamines norepinephrine (noradrenaline) and
epinephrine (adrenaline). Using molecular docking methods, we discovered that the exogenous ligands L-DOPA and
droxidopa have the same hydrogen bond binding sites as endogenous agonists, such as adrenaline, noradrenaline, and
dopamine. Furthermore, all of the catecholamines studied had different hydrophobic binding sites in the receptor. Our
findings might help researchers to better understand how existing and new drugs chemically similar to droxidopa, which is
used to treat Parkinson’s disease, interact with b2-adrenergic receptor.
INTRODUCTION

Guanine nucleotide-binding protein coupled receptors
(GPCRs) are the most diverse family of human cell surface
proteins, with over 800 members that play critical roles in
biological functions, such as vision, sensing, and neuro-
transmission (1–3). GPCRs have also been identified to
play an active role in cognitive responses (4), cardiovascular
functions (5), and cancer growth and development (6).
Given their implication in different human diseases, GPCRs
have been the target of 35% of all marketed pharmacolog-
ical medicines in the United States and globally (7–9). All
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GPCRs share the same structural architecture of seven trans-
membrane a-helices (TM-I–TM-VII), which are connected
by extracellular (ECL1–ECL3) and intracellular (ICL1–
ICL3) loops (10,11). Numerous extracellular molecules,
including hormones and drugs, can activate and inactivate
GPCRs acting as agonists and antagonists (blockers),
respectively, with the former often causing conformational
changes linked with specific protein activities (12). Further-
more, GPCRs are being viewed as allosteric machinery that
can be triggered by ions, lipids, cholesterol, and water
(13,14). During the last two decades, because of technolog-
ical advances in crystallization methods, x-ray crystal struc-
tures of GPCRs have been released at an exponential pace
(3,15). More than 150 GPCR structures have been co-crys-
tallized with ligands and published in the Protein Data Bank
(PDB) (16). Concurrently, a growing number of homology
models has contributed to covering more than 10% of the
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GPCR superfamily. Because understanding receptor-drug
interactions at an atomic level is crtitical in structure-based
drug discovery, molecular docking and molecular dynamics
(MD) simulations have become popular tools for assisting
drug design by revealing binding affinity, reaction mecha-
nism, and protein-ligand interactions (17–22).

The b2-adrenergic receptor (b2AR), a class A GPCR ex-
pressed in pulmonary and cardiac myocyte tissues, is acti-
vated by hormones such as adrenaline and noradrenaline.
The determination of the first high-resolution crystal struc-
tures of b2AR bound to an inverse agonist (�)-carazolol
(PDB: 2RH1) (23,24) and the antagonist (�)-timolol
(PDB: 3D4S) (25), respectively, has contributed to shed
some light on the inactive state of adrenergic receptors.
Moreover, the first agonist-bound active-state x-ray crystal
structures have also been resolved for b2AR stabilized by a
nanobody and a nucleotide-free Gs protein heterotrimer
(26,27). In particular, the x-ray crystal structure of b2AR in
complex with the low affinity agonist adrenaline published
by Ring et al. in 2013 (PDB: 4LDO) (28) has provided a
structural template for studying the binding conformations
and affinities of different agonists and antagonists. Based
on fluorescence spectroscopy studies, catecholamines can
induce different conformational changes in the b2AR,
involving the formation of multiple intermediate states of
the adrenergic receptor (29–32). More recently, NMR spec-
troscopy experiments have verified the b2AR’s conforma-
tional heterogeneity, which is characterized by the
coexistence of active, intermediate, and inactive states of
the receptor (33). According to the database with the largest
collection of GPCRs structures and mutants (www.gpcrdb.
org), there are structures of human b2AR in complex with
1365 ligands, 75 of them being drugs (7). Among these drugs
interacting with b22AR, droxidopa (L-DOPS) is a L-serine
substituted at the b-position by a 3,4-dihydroxyphenyl group
(34). L-DOPS is likewise a cathecol and a L-tyrosine deriva-
tive, and its structure is identical to that of the non-natural
amino acid L-DOPA. Droxidopa is a precursor of noradren-
aline that is used in the treatment of neurogenic orthostatic
hypotension and Parkinson’s disease. Droxidopa is autho-
rized in Japan and is now being studied in clinical studies
in the United States, Canada, Australia, and Europe.

The results of the molecular docking of L-DOPA and drox-
idopa to the human b2AR x-ray crystal structure released by
Ring et al. in 2013 (PDB: 4LDO) (28) and their comparison
with observations from representative full agonists, such as
adrenaline and noradrenaline, as well as the partial agonist
dopamine, are presented here. Each fully flexible ligand was
docked into the b2AR binding pocket using two different ap-
proaches: 1) a rigid receptor model derived from the PDB co-
ordinates of the b2AR x-ray crystal structure (PDB: 4LDO)
and 2) a b2AR receptor with flexible side chains of specific
amino acids of its active binding site.

Molecular interactions between b2AR and the aforemen-
tioned five ligands have been studied by combining MD
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simulations, binding free energy (BFE), and free energy
landscape (FEL) calculations.
MATERIALS AND METHODS

b2AR all-atom model preparation

The x-ray crystal structure of human b2AR protein in the active-state

conformation (PDB: 4LDO) was used to build up an all-atom model of

its monomeric transmembrane domain form (28). Amino acids missing in

the crystal structure, namely residues 1–28 and 343–413, were omitted

(35). Intracellular residues 232–262 belonging to the ICL3 domain of the

receptor, which were previously omitted or modeled (35,36), were modeled

using a homology model of b2AR generated by the Sali laboratory in 2008

(37) employing 2RH1 as a template and reported in the ModBase database

of comparative protein structure models (Fig. 1 A). 2RH1 has 90% sequence

identity with 4LDO and shows root mean-square deviation of 2.5 Å with

4LDO (residues 29–231 and 263–342) along the Ca backbone. T4L and

Nb6B9 residues were deleted, and chain termini were capped with neutral

groups (acetyl and methylamino) as previously reported in the literature

(35,36,38,39). Water molecules and adrenaline ligand were also removed

from the model. Four engineered mutations (M96T, M98T, N187E, and

C265A) were mutated to reproduce the sequence of human b2AR (28).

All Lys and Arg residues were protonated. All Asp, Glu, and His (HSD) res-

idues were deprotonated except Glu122 (GLH), Asp130 (ASH), and His172

(HSP), as previously reported (36,38). Because the b2AR model is in the

active state, Asp79 was left deprotonated because it has been suggested

to reach the protonation state upon activation (40,41). Two disulfide bonds

were also added to the b2AR model by removing hydrogens bound to SG

atoms in cysteine residues; they are located in ECL2 (Cys184–Cys190)

and TM-III (Cys106–Cys191), and the latter contributes to the stabilization

of ECL2 (42). The molecular modeling was performed using Visual Molec-

ular Dynamics (VMD) 1.9.4, and the final structure of the b2AR model was

generated with the VMD psfgen plugin (43).
Molecular docking

We parameterized the force fields of L-DOPA (DAH) and droxidopa (see

Supporting materials and methods, section A.1 for details of parameteriza-

tion methodology) and performed 20-ns MD simulations of both ligands in

water. The stable structure obtained from the MD simulations of DAH and

DROmolecules were further aligned to adrenaline (ALE) obtained from the

b2AR x-ray crystal structure (PDB: 4LDO) to improve the choice of the

search space (docking grid box) around the binding site of the receptor.

The modified b2AR model shown in Fig. 1 Awas used as a rigid receptor.

The residues D113, V117, T118, F193, T195, S203, S204, S207, N293,

H296, N301, Y308, N312, and Y316 reported to form H-bonds with adren-

aline (28) are kept as flexible for flexible docking simulations, which is in

analogy with a previous study of dopamine in the D2DR receptor (44).

In the case of L-DOPA, H296 and N301 were not included in the list of

flexible residues because of the limitations of AutoDock Tools 1.5.6 the

graphical user interface of AutoDock 4.2.6 (AD4) (45), whereas for drox-

idopa, H296, N301, and V117 were excluded by the list of flexible resi-

dues because this ligand has an additional torsional degree of freedom

as compared with L-DOPA. For both receptor models, the docking box

grid dimensions were 50 Å each for the x, y, and z axes, respectively, in

the active site region with a resolution of 0.375 Å. The grid box size

was 18.75 Å, which is more than 2.9 times the radius of gyration of

both L-DOPA (2.77 Å) and droxidopa (2.91 Å) molecules, as recommen-

ded in (46). Nonpolar hydrogen atoms were merged to heavy atoms, and

Gasteiger charges were assigned to each molecule. All torsions of the li-

gands and flexible residues were allowed to rotate during docking. 400

poses were generated using a maximal number of generations and energy

evaluation of 27,000 and 5$� 107, respectively, for both rigid and flexible
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FIGURE 1 (A) A side view of the b2AR model shows the main changes

applied to 4LDO original structure with adrenaline (ALE) in its crystallo-

graphic binding site highlighted by a yellow square. b2AR TM a-helices

and the ICL3 domain are in purple and green, respectively. M96, M98,

N187, and C265 residues, which are mutated in the x-ray crystal structure,

and Q231 and K263 residues connecting 4LDO to the ICL3 domain are

shown in licorice representation. (B) b2AR residues of the binding pocket

interacting with crystallographic adrenaline (dark green) are shown in

green. TM a-helices III, V, VI, and VII are displayed in purple. (C) Chem-

ical structures of neutral, protonated, and zwitterionic ligands employed in

molecular dockings into rigid and flexible b2AR models.

L-DOPA and droxidopa binding to b2AR
b2AR models, as previously reported for the molecular docking of dopa-

mine to the D2DR receptor (44). Molecular docking of each ligand to rigid

and flexible b2AR models was also carried out employing the AutoDock

Vina (Vina) package (47). Global search exhaustiveness of 400 (Nguyen

et al. 2020 (48)) and a maximal energy-d of 7 kcal/mol were used in

each Vina run. Vina docking calculations were performed on each system

using the same center and size of the grid generated with Autogrid4 for

AD4 runs. The pythonsh command of AD4 was employed to perform

the Virtual Screening analysis of final docked conformations, which

were clustered using a tolerance of 2 Å root mean-square deviations

(49,50). The structure with the highest binding affinity was selected as

the best conformation of the ligand. After selecting the best conforma-

tions, 10 independent molecular docking calculations have also been per-

formed for each ligand, mentioned further in the article.

The binding affinities of each ligand were calculated from the free energy

of binding (DGbind ¼ -RTlnKi) and inhibition constants (Ki) estimated by
AutoDock for lowest energy structures (49). Binding free energies were

converted to binding affinities (pKd¼ –log 10 Kd) by the inhibition constant

equation (Ki ¼ Kd ¼ 10ðDGbind=1:366Þ) (51).
This protocol was validated by redocking neutral and protonated adren-

aline to the b2AR x-ray crystal structure (PDB: 4LDO) (see Figs. S1–S8 for

the results of both protonation states and Fig. 1 C for neutral forms) (52).

Hydrogen bond and hydrophobic contacts between each ligand and both

models of the receptor were estimated using the protein-ligand interaction

profiler (53). Images were prepared using VMD 1.9.4, AutoDock tools

1.5.6, and LigPlot þ version 2.2 (54)
MD simulations of b2AR-catecholamine
complexes.

We performed all-atomMD simulations of b2AR-catecholamine complexes

embedded in hydrated lipid bilayers using the CHARMM36 force field (55–

57) for 1 ms. Each of these simulations are available on the GPCRmd (22)

database within the following links:

1) b2AR-adrenaline, https://submission.gpcrmd.org/view/subid/366/;

2) b2AR-noradrenaline, https://submission.gpcrmd.org/view/subid/367/;

3) b2AR-dopamine, https://submission.gpcrmd.org/view/subid/369/;

4) b2AR-L-DOPA, https://submission.gpcrmd.org/view/subid/368/; and

5) b2AR-droxidopa https://submission.gpcrmd.org/view/subid/365/.

Further details are provided in the Supporting materials and methods,

section A.8.
Essential dynamics and free energy landscape

Essential dynamics (ED) was used to analyze b2AR-catecholamine com-

plexes and extract larger amplitude motions observed in MD simulations.

The protocol of ED calculations is described in the Supporting materials

and methods, section A.9.
Binding free energy of ligands in b2AR-
catecholamine complexes

Binding free energies (BFEs) of ligands from MD simulations of b2AR-

catecholamine complexes were estimated using molecular mechanics Pois-

son-Boltzmann surface area (MM-PBSA) calculations (58). More details

can be found in the Supporting materials and methods, section A.10.
RESULTS

Full and partial agonists binding to b2AR: docking
of noradrenaline and dopamine

To verify the quality of the b2AR x-ray crystal structure
(PDB: 4LDO) for the generation of biologically relevant
ligand conformations, we redocked adrenaline to rigid and
flexible receptor models following an approach similar to
that of (59). Although adrenaline and noradrenaline (with
pKa of 8.52 and 8.75, respectively) are mostly present in
their protonated forms (94.7%) at the physiological pH of
7.4, the population of neutral forms is not negligible
(5.3%) (52). As a consequence, we performed the redocking
using both forms (see Figs. S5–S8, S11–S14). The docking
of protonated noradrenaline and dopamine into rigid b2AR
models produced for both ligands conformations similar to
adrenaline (Fig. 2 A), confirming that they share the same
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binding anchor sites (Fig. 2, C–E). Furthermore, structures
with comparable conformations were generated by indepen-
dent runs for both noradrenaline protonation states and
dopamine (Figs. S13–S15). The binding free energies
(BFEs) estimated from molecular docking to rigid models
of the receptor for the lowest energy conformations of
protonated noradrenaline and dopamine, �7.8 kcal/mol
(Fig. S13) and �6.7 kcal/mol (Fig. S15), respectively, are
comparable to those observed for adrenaline, implying
that these low energy poses are also representative of ther-
modynamically stable poses.

In analogy with adrenaline (Fig. 2 B), docking of proton-
ated noradrenaline and dopamine into flexible b2AR models
resulted in conformations structurally different from the best
binding poses of the ligands in rigid models of the receptor
(Fig. 2, D–F). Notably, both protonated noradrenaline and
dopamine had highly favorable BFEs of �12.8 and
�12.6 kcal/mol, respectively, which overestimated binding
affinity values previously estimated by both experimental
and computational approaches (Table 1) (59–61). Similar
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BFEs of endogenous ligands were calculated utilizing the
MM-PBSA approach by analyzing MD simulations of
b2AR-catecholamine complexes (Table S5).
L-DOPA binding to the b2AR receptor

The docking of L-DOPA into a rigid b2AR model yielded
70% of the largest cluster conformations from 10 indepen-
dent runs exhibiting an adrenaline-like interaction of the
head and the tail of the catecholamine with S203/S204/
S207 and D113/N312 anchor sites in the binding pocket
(Fig. 3 A; Fig. S17; Table 3). These poses of the ligand
showed an average BFE of �6.4 kcal/mol (Fig. S18) and
a binding affinity of 4.7, close to the values observed for
neutral adrenaline and dopamine (Table 1).

Docking of L-DOPA in the flexible b2AR model provided
more ligand-receptor hydrogen bond interactions as
compared with the structure of the catecholamine generated
by the docking into the rigid model of the receptor (Fig. 3 B;
Table 3). The ligand’s catechol head, in particular,
FIGURE 2 Lowest energy conformations of

protonated adrenaline from one of the 10 indepen-

dent runs of molecular docking into (A) rigid (yel-

low) and (B) flexible (green) b2AR models are

compared with the conformation of the ligand in

the b2AR x-ray crystal structure (PDB: 4LDO)

(dark green). Lowest energy conformations from

the molecular docking of protonated noradrenaline

(orange and brown) and dopamine (magenta and

pink) into (C and D) rigid and (E and F) flexible

b2AR models are compared with adrenaline’s

conformation in the x-ray crystal structure. The

protein is shown as purple ribbons, and b2AR

side chains in contact with adrenaline are shown

as sticks and balls. Carbon atoms of rigid and flex-

ible side chains of b2AR amino acid residues inter-

acting with neutral adrenaline are shown in purple

and green, respectively. Hydrogen bonds are

shown with cyan spheres. All nonpolar hydrogens

are not shown.



TABLE 1 Calculated binding affinities, pKd, of different

ligands for rigid and flexible b2ARmodels obtained by AD4 and

Vina calculations in comparison with experimental and MD

simulations values

Ligand

Calculated binding

affinity pKd

Experimental

binding affinity

pKd

Rigid

modela
Flexible

modela

AD4 Vina AD4 Vina

Adrenaline (neutral) 4.6 5.5 6.1 5.6 6.1b–6.5c (11.7) d

Adrenaline (protonated) 5.9 5.5 9.2 5.6

Noradrenaline (neutral) 5.6 5.3 9.0 5.3 5.0b–5.4c (5.3) d

Noradrenaline (protonated) 5.7 5.3 9.4 5.3

Dopamine 4.9 5.1 9.2 5.3 3.8b– 4.1c (3.9)d

L-DOPA 4.7 5.3 9.4 5.8 (5.0)d

Droxidopa 5.4 5.5 10.3 5.8 (7.4)d

aBinding affinities calculated from binding free energies and averaged over

10 independent runs.
bDel Carmine et al. 2004 (61).
cDel Carmine et al. 2002 (60).
dpKd values obtained by BFEs calculated fromMD simulations are reported

in parentheses (see Table S5).

L-DOPA and droxidopa binding to b2AR
established hydrogen bonds with the binding site amino
acid T118. The average BFE of the lowest energy conforma-
tions was �12.8 kcal/mol (Fig S19), corresponding to a
binding affinity of 9.4, which is close to values found for
adrenaline, noradrenaline, and dopamine docked into flex-
ible b2AR models (Table 1). Furthermore, the BFE of the
b2AR-L-DOPA complex was equivalent to the experimental
value of noradrenaline when calculated using the MM-
PBSA method over a 1 ms MD simulation of 5.0 pKd

(Table 1).
Droxidopa binding to the b2AR receptor

When docked to rigid b2AR models, droxidopa exhibited
conformations very similar to noradrenaline, adrenaline,
and dopamine, in which the ligand’s ethanolamine tail was
anchored at the D113/N312 anchor site and its catechol
head was bound only to S207 in TM-V (Fig. 3 C). The
lowest energy conformation exhibited a BFE of �7.4 kcal/
mol (Fig. S21) (average of best poses from 10 independent
runs), which is very similar to noradrenaline (�7.6 kcal/
mol), confirming our docking results. Furthermore, the
binding affinities of droxidopa (5.4) and noradrenaline
(5.6) were comparable and in line with experimental values
available for the endogenous ligand (Table 1) (60,61).

Similarly to L-DOPA, the docking of droxidopa into the
flexible b2AR model resulted in optimal conformations dis-
playing more hydrogen bond interactions with both anchor
sites of the binding pocket of the receptor as compared
with the ligand bound to the rigid model (Fig. 3 D). The
lowest energy conformation of droxidopa in the flexible re-
ceptor model shows an average BFE of �14.0 kcal/mol
(Fig. S22), which corresponds to a binding affinity of 10.3
(Table 1), and hydrogen bond interactions very similar to
those observed in the best binding pose of the ligand in a
rigid receptor model (Fig. 3 C). In particular, the hydrogen
bond network of this structure is characterized by an addi-
tional interaction with N312 in the D113/N312 anchor site
(Fig. 3 D; Table 3). Additionally, this conformation of drox-
idopa structures is most probably a representative pose of
the ligand because it displays the characteristic and experi-
mentally proven orientation of catecholamines in b2AR
models reported in this article and in the literature
(Fig. S20) (59). As reported for the other exogenous ligand,
the BFE of the b2AR-droxidopa complex produced by em-
ploying the MM-PBSA method over a 1 ms MD simulation
is�10.1 kcal/mol, which is in good agreement with the flex-
ible docking result (Table S5).
Hydrogen bond network in b2ARmodels bound to
noradrenaline and dopamine

The best binding poses of protonated noradrenaline and
dopamine in rigid b2AR models showed hydrogen bond dis-
tances very similar to those observed for protonated adren-
aline (Table 2, Fig. S13 and S15 and Supporting materials
and methods, section A.5). Both anchor site amino acids
D113 and N312 formed hydrogen bonds with the ethanol-
amine tail of each ligand, confirming both experimental
and computational results (28,59,62). Moreover, hydrogen
bond interactions were observed between the N312 side
chain and the b-OH of noradrenaline, in good agreement
with biochemical results (63). In the rigid receptor model,
Y316 formed hydrogen bonds with the tail of each ligand
as already observed for adrenaline and in agreement with
the same interaction present in the x-ray crystal structure.
Hydrogen bonds of catechol hydroxyls with side chains of
serines of the TM-V helical domain, which are considered
the most specific interactions for b2AR agonists, were
observed only between S207 and para-OH of each ligand
(60,61,64–67). Hydrogen bonds involving T118 side chain
and the catechol head moiety were also conserved for
both endogenous ligands, suggesting that this amino acid
contributes also to the network of H-bond interactions.
Furthermore, the neutral form of noradrenaline displayed
similar hydrogen bonds as observed for the protonated
ligand (Table S1).

In analogy with both forms of adrenaline, the docking of
protonated noradrenaline and dopamine into flexible b2AR
models resulted in a reduction in hydrogen bond distances
for both ethanolamine tail and catechol head moieties of
each ligand interacting with amino acid residues D113,
Y316, and T118. Moreover, protonated noradrenaline also
exhibited the two additional hydrogen bonds, as found in
the case of adrenaline, between the catechol head hydroxyls
and residues S203 and S207 (Table 2). In contrast, the cate-
chol head of dopamine interacted differently with flexible
Biophysical Journal 120, 5631–5643, December 21, 2021 5635



FIGURE 3 Conformations from the molecular

docking of L-DOPA (salmon) and droxidopa (violet)

to (A and C) rigid and (B and D) flexible b2AR

models. The largest cluster conformation of L-

DOPA in a b2AR rigid model forms more hydrogen

bonds than the lowest energy conformation of the

ligand in a flexible receptor. The lowest energy

conformation of droxidopa in a b2AR rigid model

forms more hydrogen bonds than the lowest energy

binding pose of the ligand in a flexible receptor. Co-

lor code and view point as in Fig. 2. Fig. S17 shows

comparisons between lowest energy and largest

cluster conformations of L-DOPA in b2AR rigid

models from 10 independent runs.

Biswas et al.
b2AR serines forming only the hydrogen bond S207-meta-
OH but still showing the strong S207-para-OH interaction
observed in the rigid b2AR model and previously reported
in the literature (59). Similarly to adrenaline, the N293-
meta-OH hydrogen bond found in the x-ray crystal structure
of b2AR (PDB: 4LDO) was not observed in all lowest en-
ergy conformations of noradrenaline and dopamine docked
in rigid and flexible receptor models (28). This hydrogen
bond interaction of the meta-OH of adrenaline with N293
has also been observed in b2AR bound to the endogenous
ligand in previous experimental works (66,68). The
hydrogen bond with residue N293 was still not present in
lowest energy binding poses of adrenaline, noradrenaline,
and dopamine obtained by flexible docking AD4 runs using
a shifted grid box center (Fig. S23). In particular, the lowest
energy binding poses of noradrenaline and dopamine
formed hydrogen bonds with T118, which have been previ-
ously observed through MD simulations of b2AR bound to
different ligands (69–73). Polar interactions with N293
were instead observed in all endogenous catecholamines
subjected to flexible docking Vina runs (Fig. S23). To inves-
tigate this controversial docking result, we employed 1 ms
b2AR-catecholamines MD simulations. The hydrogen
bonding of N293 with the catecholamine was established
with a lifetime ranging from 4.1 to 22.7% over the whole
simulation period, which is in good agreement with experi-
mental results (see Table S4). In contrast with molecular
docking findings, all endogenous catecholamines displayed
very low percentages of hydrogen bond formation with
T118, a consequence of the more pronounced formation
of polar interactions with N293.
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Hydrogen bond network in b2ARmodels bound to
L-DOPA and droxidopa

The hydrogen bond network of both L-DOPA and droxidopa
docked in different b2AR models exhibited some analogies,
and remarkable differences as compared with that of endoge-
nous catecholamines (Fig. 3; Table 3). In analogywithpolar in-
teractions observed for endogenous ligands, hydrogen bond
distances decreased when using flexible receptor models
(Table 3). Both ligands showed hydrogen bond interactions
with residues D113 and N312 through their tail moieties. In
the case of droxidopa, as observed for andrenaline and
noradrenaline ligands, these polar interactions were strength-
ened by the presence of the b-OH group in the ethanolamine
tail of the ligand, leading to the formation of H-bonds with
D113 and N312 amino acids in both rigid and flexible b2AR
models (Table 3). However, in both receptor models, L-
DOPA showed an additional interaction site by hydrogen
bonding with N312 through one of its carboxyl oxygens. A
similar hydrogen bond interaction was also observed in drox-
idopa docked in a flexible b2ARmodel (Table 3). As observed
for endogenous ligands (Table 2) and regardless of the receptor
model employed, the N-amino of both ligands formed
hydrogen bonds with Y316, which interacted with the b-OH
group of droxidopa docked only in the rigid receptor model
(Table 3).

In the rigid b2AR model, the catechol head of L-DOPA
formed hydrogen bonds with residues S203 and S207
through its para-OH and meta-OH hydroxyl groups, respec-
tively (Table 3). This result is in contrast with experimental
and computational results suggesting and predicting



TABLE 3 Hydrogen bond distances for different b2AR-Ligand

complexes from AD4 and Vina calculations

Hydrogen bonds

(b2AR-Ligand)

Donor-Acceptor distance (Å)

Rigid model Flexible model

DAH DRO DAH DRO

OD1 (D113)-N (amino) 3.0 (4.0)a 3.4 (3.9) 2.8 (4.5) 2.8 (4.5)

OD2 (D113)-N (amino) 2.5 (3.2) 2.4 (3.2) 2.5 (3.0) 2.3 (2.9)

OD1 (D113)-O (b-OH) –b 2.7 (3.1) – 2.9 (3.6)

OG1 (T118)-O (para) 6.2 (4.3) 3.6 (4.0) 3.1 (4.4) 3.1 (4.0)

OG1 (T118)-O (meta) 3.7 (2.9) 3.3 (6.8) 2.7 (2.9) 3.1 (6.9)

OG (S203)-O (para) 2.8 (3.7) 4.3 (4.3) 2.6 (3.6) 4.7 (3.9)

OG (S203)-O (meta) 4.3 (6.2) 7.1 (3.1) 4.9 (6.1) 7.5 (2.9)

OG (S204)-O (para) 3.5 (5.2) 6.3 (5.9) 5.5 (5.2) 6.9 (5.8)

OG (S204)-O (meta) 6.2 (7.8) 8.7 (4.4) 7.8 (7.7) 8.8 (4.1)

OG (S207)-O (para) 4.5 (2.8) 2.9 (3.0) 2.5 (2.8) 2.7 (2.9)

OG (S207)-O (meta) 2.9 (3.1) 4.1 (5.6) 3.1 (3.3) 3.9 (5.4)

OD1 (N312)-N (amino) 2.9 (5.4) 2.7 (5.3) 3.0 (6.1) 2.9 (5.7)

ND2 (N312)-O (b-OH) – 2.8 (3.1) – 3.0 (3.3)

ND2 (N312)-O1 (-COO-) 2.7 (4.6) 4.6 (5.7) 2.5 (3.2) 3.5 (2.9)

ND2 (N312)-O2 (-COO-) 4.0 (4.9) 5.3 (4.8) 4.0 (3.2) 5.0 (3.3)

OH (Y316)-N (amino) 3.0 (5.3) 2.9 (5.2) 2.4 (5.2) 2.4 (5.1)

OH (Y316)-O (b-OH) – 3.5 (3.5) – 3.9 (3.7)

This analysis was performed on the following ligands: L-DOPA (DAH) and

droxidopa (DRO). Distances not compatible with hydrogen bonding are

shown in bold characters.
aHydrogen bond distances from Vina calculations are reported in

parentheses.
b-OH group is absent in the L-DOPA ligand.

TABLE 2 Hydrogen bond distances for different b2AR-Ligand

complexes from AD4 calculations

Hydrogen bonds

(b2AR-Ligand)

Donor-Acceptor distance (Å)

Rigid model Flexible model

ALE NLE DOP ALE NLE DOP

OD1 (D113)-N (amino) 3.7 (4.1)a 3.6 3.5 2.8 2.8 2.2

OD2 (D113)-N (amino) 2.7 (2.8) 2.5 2.5 2.6 2.5 2.8

OD1 (D113)-O (b-OH) 3.0 (2.8) 2.8 –b 3.1 3.1 –

OG1 (T118)-O (para) 3.3 (4.4) 3.6 3.5 3.4 3.6 2.9

OG1 (T118)-O (meta) 3.2 (7.0) 3.3 3.0 2.6 2.8 2.7

OG (S203)-O (para) 4.7 (3.7) 4.3 4.2 2.7 2.6 4.7

OG (S203)-O (meta) 7.1 (3.2) 7.1 7.0 5.1 6.3 7.2

OG (S204)-O (para) 6.5 (5.7) 6.4 6.4 6.2 6.5 6.6

OG (S204)-O (meta) 8.7 (4.8) 8.6 8.4 8.0 8.1 8.6

OG (S207)-O (para) 2.6 (3.5) 2.8 2.8 3.1 2.9 2.0

OG (S207)-O (meta) 4.0 (6.0) 4.0 3.7 2.8 3.2 3.5

OD1 (N312)-N (amino) 2.8 (2.8) 2.7 2.7 3.0 2.8 3.7

ND2 (N312)-O (b-OH) 2.9 (2.8) 2.8 – 4.9 3.3 –

OH (Y316)-N (amino) 3.4 (3.5) 3.0 3.0 3.3 2.6 2.7

OH (Y316)-O (b-OH) 3.9 (3.5) 3.7 – 4.1 4.2 –

This analysis was performed on the following ligands: protonated adrena-

line (ALE), protonated noradrenaline (NLE), and dopamine (DOP). Dis-

tances not compatible with hydrogen bonding are shown in bold characters.
aHydrogen bonds of adrenaline’s conformation in the b2AR X-ray crystal

structure (PDB: 4LDO) are shown in parentheses.
b-OH group is absent in the dopamine ligand.

L-DOPA and droxidopa binding to b2AR
hydrogen bond interactions of meta-OH and para-OH hy-
droxyls of the catechol head moiety of different catechol-
amines with S203 and S207, respectively (59,65,67).
Interestingly, when docked into a rigid b2AR model, L-
DOPA forms also hydrogen bonds with S204 through the
para-OH of its catechol head, showing another polar interac-
tion not supported by experimental and computational re-
sults (59,65,67). However, the docking of L-DOPA in a
flexible b2AR model generated lowest energy conforma-
tions displaying also the hydrogen bond interaction of the
para-OH hydroxyl of the catechol head moiety with S207,
as reported in experimental and computational studies
(59,65,67) (Table 3). Additionally, in the flexible b2AR
model, as observed for endogenous catecholamines (Table
2), both hydroxyl groups of L-DOPA’s catechol head formed
hydrogen bonds with T118 (Table 3). In contrast with L-
DOPA, droxidopa’s catechol head formed hydrogen bonds
only with residues S207 and T118 of b2AR in both receptor
models (Table 3). In particular, in the case of droxidopa, the
S207-para-OH hydrogen bond was particularly stable in
rigid and flexible b2AR models. Moreover, both hydroxyl
groups of droxidopa’s catechol head displayed hydrogen
bond interactions with T118 in the flexible receptor model
(Table 3). The ability to form hydrogen bonds with T118
was also detected in MD simulations of the receptor bound
to the exogenous ligands (Table S4).

Like endogenous catecholamines, both L-DOPA and
droxidopa did not exhibit hydrogen bond interactions
with N293 in flexible docking AD4 runs using different
grid box centers (Fig. 3; Fig. S24, A and C). However,
Vina flexible docking calculations showed the formation
of the hydrogen bond with residue N293 of b2AR in both
exogenous ligands (Fig. S24, B and D). The absence of
hydrogen bonds with N293 was also confirmed by the
low percentage of these polar interactions observed in
MD simulations of b2AR-catecholamine complexes (Table
S4). However, interestingly, both exogenous ligands ex-
hibited polar interactions with T118 with lifetimes compa-
rable to those with N293, supporting molecular docking
results (Table S4).
Hydrophobic contacts of b2AR full and partial
agonists

Similarly to adrenaline, AD4 and Vina lowest energy con-
formations of protonated noradrenaline formed hydrophobic
contacts with V117 and F289 in rigid receptor models, in
good agreement with a previous computational study
(Fig. 4 A) (59). In flexible receptor models, protonated
noradrenaline displayed the same hydrophobic interactions
obtained by Vina calculations of the ligand docked in a rigid
b2AR model, whereas the AD4 approach led to the forma-
tion of more apolar contacts with residues V114 and V117
(Fig. 4 A). Regardless of the receptor model employed,
neutral noradrenaline displayed hydrophobic interactions
with the same amino acids observed for the protonated
form of the ligand in both AD4 and Vina approaches. Simi-
larly to protonated noradrenaline, the AD4 lowest energy
Biophysical Journal 120, 5631–5643, December 21, 2021 5637



FIGURE 4 Number of (A) hydrophobic contacts and (B) hydrogen bonds

between b2AR amino acids and different catecholamines docked into rigid

and flexible receptor models obtained by AD4 and Vina calculations. For

clarity, only hydrophobic and hydrogen bond interactions of protonated

adrenaline and noradrenaline are shown.
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conformation of neutral noradrenaline interacted also with
V114 and F290 (data not shown).

In rigid receptor models, both AD4 and Vina lowest en-
ergy conformations of dopamine interacted with b2AR res-
idues V117 and F289 as observed for adrenaline and
protonated noradrenaline. The Vina lowest energy binding
pose of the b2AR partial agonist showed more hydrophobic
contacts than the correspondent AD4 conformation, as a
consequence of two F289 atoms interacting with the aro-
matic ring of dopamine (Fig. 4 A). When dopamine was
docked into flexible b2AR models, the AD4 approach led
to more hydrophobic interactions than the Vina method. In
particular, the AD4 best binding pose of dopamine formed
hydrophobic contacts with V114 and V117 residues, as
observed for protonated noradrenaline, whereas the Vina
lowest energy conformation interacted with b2AR amino
acids V117, F193, and F289 (Fig. 4 A).

Interestingly, the precursor of dopamineL-DOPAdisplayed
hydrophobic interactions with b2AR residues V114 and F193,
5638 Biophysical Journal 120, 5631–5643, December 21, 2021
as shownbybothAD4andVina calculations using rigid recep-
tor models. Moreover, the Vina lowest energy binding pose of
L-DOPA in a rigid b2ARmodel showed also an additional hy-
drophobic contactwith residueV117 (Fig. 4A). Independently
from themolecular docking software, the same number of hy-
drophobic interactions was observed when L-DOPA was
docked into flexible b2AR models (Fig. 4 A). AD4 lowest en-
ergy conformations of L-DOPA displayed apolar interactions
with V117 and F289, whereas Vina binding poses showed hy-
drophobic contacts with the same amino acids of the rigid
docking approach, namely V114, V117, and F193.

Similarly to protonated noradrenaline, in rigid b2AR
models, the AD4 lowest energy conformation of droxidopa
interacted with residues V117 and F289, whereas the Vina
best binding pose showed hydrophobic contacts with
V114, V117, and F193, as observed with L-DOPA (Fig. 4
A). In flexible b2AR models, droxidopa best binding poses
obtained by the AD4 approach showed hydrophobic con-
tacts with V114, V117, and F289, whereas the Vina lowest
energy conformation displayed more apolar interactions
with residues V114, F193, and F289 (Fig. 4 A; Fig. S25).

It is remarkable that the same apolar interactions with spe-
cific receptor residues, namely V114, V117, F193, A200,
W286,F289, andF290,were alsoobserved inMDsimulations
of b2AR-catecholamine complexes as evidenced by the anal-
ysis of the percentage of hydrophobic contacts (Fig. S25).
ED and free energy landscape

To have an outline of the structural ensembles, we performed
an ED analysis of theMD simulation trajectories of the b2AR-
catecholamines (binding affinities ranging from 4.6 to 10.3
pKd, see Table 1). This analysis shows that the ensembles
created by MD simulations covered a large portion of the
configurational space (Fig. S26). Major conformations be-
tween a few distinct conformational states are assumed to be
fairly well defined by projections onto the first two principal
components seen inFig. 5 (see two-dimensional (2D)MDPro-
jections in Fig. S26). This demonstrates that the ensemble has
a structural drift and falls approximately into various clusters
of points, which provides the structural basis for the b2AR-
catecholamine structures. FEL simulations were performed
specifically to confirm this behavior of the protein structure
and to clarify the conformational variations of the clusters.
The Gibbs free energy differences are seen in Fig. 5 (see
also 2D and three-dimensional (3D) FEL in Fig. S26). It is
remarkable thatmajor deep free energybasins fall in theglobal
free energy minimal region, meaning that stable conforma-
tional states exist within the well. In Fig. 5 (2D and 3D
FEL), the lowest energy conformations are evidenced in blue.
DISCUSSION

In this work, we analyzed the binding of endogenous and
exogenous catecholamines to the b2AR adrenergic receptor



FIGURE 5 For a Figure360 author presentation of

this figure, see https://doi.org/10.1016/j.bpj.2021.11.

007 (A) 3D free energy landscapes derived from MD

simulations of b2AR complexes by projecting trajec-

tories onto their own first (PC1) and second (PC2) ei-

genvectors. The energy scale, defined by the color

bar in kcal/mol, ranges from blue to red, representing

most and least stable structures, respectively. (B)

Snapshots of MD simulations of b2AR complexes

show the hydrogen bond network of each ligand

with specific amino acids of the receptor binding

site. Hydrogen bonds are highlighted with dashed

blue lines.

L-DOPA and droxidopa binding to b2AR
using molecular docking and MD simulations. Regardless
of the b2AR starting model, Vina calculations generated
lowest energy poses of each catecholamine with binding af-
finities comparable to experimental results (Table 1) (48).
Remarkably, in rigid docking simulations, the AD4
approach led to lowest energy conformations with BFEs
Biophysical Journal 120, 5631–5643, December 21, 2021 5639
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in good agreement with experimental values, whereas all li-
gands docked into flexible b2AR models exhibited more
than experimentally favorable binding affinities (48). These
extremely favorable BFEs were also confirmed by MM-
PBSA calculations performed on the MD trajectories of
b2AR-catecholamine complexes (Table S5). To the best of
our knowledge, we have found novel lowest energy confor-
mations of endogenous ligands, namely adrenaline,
noradrenaline, and dopamine, docked into both rigid and
flexible b2AR models. These novel conformations are quite
different from the structures predicted experimentally and
computationally, suggesting that catecholamines interacting
with adrenergic receptors can also adopt more energetically
favorable binding modes (28,59). Interestingly, the lowest
energy binding poses of exogenous ligands, namely L-
DOPA and droxidopa, were similar to those observed for
dopamine and noradrenaline, respectively, which are their
closely related endogenous catecholamines (Figs. 2 and 3).

The presence of a different protonation state affected the
binding affinity of adrenaline and noradrenaline to b2AR,
confirming that protonated forms of catecholamines are
more stable than neutral ones (Table 1; Figs. S6, S7, S12,
and S14) (52). In particular, BFEs of protonated adrenaline
in the x-ray crystal structure and from the AD4 rigid dock-
ing approach corresponded to binding affinities of 5.2 and
5.9 (pKd ¼ 5.5 for Vina calculations), respectively,
improving the 2.6 value measured by Katritch et al. in
2009 (59) for the rigid docking of the same ligand into a
different b2AR x-ray crystal structure (PDB: 2RH1) (Table
1) (23). The inclusion of some flexibility in the TM-V a-he-
lical domain, which plays a critical role in the binding of full
and partial agonists to b2AR, allowed Katritch et al. in 2009
(59) to estimate for adrenaline a binding affinity of 5.7 (59),
which is closer to the experimental pKd values of 6.5 and 6.1
reported by Del Carmine et al. in 2002 and 2004, respec-
tively (60,61). Our improved rigid docking pKd values are
most probably due to a different tilt of the TM-V domain
in the two b2AR x-ray crystal structures reported by Chere-
zov et al. in 2007 and Ring et al. in 2013 (23,28), suggesting
its crucial role in inactive and active states of the adrenergic
receptor. Moreover, our results confirm Katritch et al.’s (59)
predictions on the importance of TM-V tilting in bringing
the two anchor sites of the binding pocket, namely S203/
S204/S207 and D113/N312, at a distance required to pro-
vide simultaneous hydrogen bond interactions with both
head and tail groups of catecholamines (15,59).

Interestingly, the introduction of flexibility in residues
belonging to the b2AR binding pocket generated even
more stable conformations for each studied ligand. As a
consequence of the larger explored conformational space,
the AD4 approach allowed all catecholamines to adopt bind-
ing poses with estimated binding free energies much lower
than correspondent experimental and rigid docking values
(59–61). In particular, the binding affinity of L-DOPA and
droxidopa almost doubled for both ligands docked into
5640 Biophysical Journal 120, 5631–5643, December 21, 2021
flexible b2AR models as compared with rigid receptor
models (Table 1).

Our observations on the hydrogen bond network of each
investigated catecholamine characterized the important role
of key amino acids, such as D113, N312, S203, and S207,
still acting as anchor sites for the formation of hydrogen
bonds, in the binding of endogenous and exogenous cate-
cholamines to both rigid and flexible b2AR models gener-
ated from the x-ray crystal structure of the adrenergic
receptor bound to the full agonist adrenaline (PDB:
4LDO) (Table 2 and 3) (28). The amino acid residue of
TM-III, D113, has been found to be involved in the stabili-
zation of b2AR in complex with agonists (26). The crucial
role for agonist binding to b2AR played by S203 and
S207 residues of TM-V is also supported by mutagenesis
studies (60,65,66). Moreover, all these polar interactions
of b2AR residues with agonists are also considered to be
important for the conformational stability of a region of
the receptor containing TM-III, TM-IV, and TM-V a-helical
domains, as shown by atomic force microscopy-based sin-
gle-molecule force spectroscopy experiments (74). As high-
lighted mainly by AD4 calculations, we also found that
Y316 residue of b2AR TM-VII a-helical domain formed
hydrogen bonds with the N of the amino group of the etha-
nolamine moiety of each studied ligand, contributing to the
stability of lowest energy conformations of catecholamines.
Both AD4 and Vina approaches showed that the b2AR TM-
III a-helical domain formed hydrogen bonds with the
catechol head of each ligand through the amino acid
T118, in good agreement with recent MD simulations re-
sults (69–73), evidence of which has also been found
through our MD simulations results for the exogenous li-
gands (see Table S4). We also observed that the TM-VI res-
idue N293 did not form hydrogen bonds with the catechol
head of each tested ligand, which are stabilizing polar inter-
actions for catecholamines bound to b2AR (28,66,68). Inter-
estingly, this experimentally supported hydrogen bond was
successfully reproduced by slightly shifting the grid box
center toward the N293 amino acid of b2AR in Vina calcu-
lations of all catecholamines docked into flexible receptor
models (Fig. S23, B, D, and F; Fig. S24, B and D). More
interestingly, lowest energy conformations of all investi-
gated catecholamines obtained by AD4 calculations of these
ligands docked into flexible b2AR models using a shifted
grid box center did not display the hydrogen bond interac-
tion between residue N293 and the catechol head moiety
(Fig. S23, A, C, and E; Fig. S24, A and C). Moreover, the
best binding poses of these ligands were both structurally
and energetically similar to those observed with the original
grid box center, indicating that these conformations could be
novel binding modes of catecholamines to b2AR. This dif-
ference in the hydrogen bond network is most probably
due to the much smaller ensemble of ligands conformations
sampled by Vina calculations, which on average generated a
maximum of 20 best binding poses as compared with the



L-DOPA and droxidopa binding to b2AR
400 ligand conformations produced by the AD4 approach.
To investigate further the aforementioned discrepancies,
we used 1 ms MD simulations of the b2AR-catecholamines
and obtained evidence that N293 may also form hydrogen
bonds. The N293 H-bond may be formed from 4.1% for
ALE to 22.7% for DOP during the 1 ms MD simulation (Ta-
ble S4). In exogenous ligands, we have observed the forma-
tion of both N293 and T118 H-bonds, the latter with
lifetimes ranging from 3.4% for L-DOPA to 18.9% for drox-
idopa (Table S4).

The aromatic ring of investigated catecholamines can
potentially interact with different b2AR hydrophobic resi-
dues, such as V114, V117, F193, Y199, W286, F289,
and F290 as reported for the x-ray crystal structure of
b2AR bound to carazolol (PDB: 2RH1) and various ligands
studied computationally (23,59). In the b2AR x-ray crystal
structure released by Ring et al. in 2013 (PDB: 4LDO)
(28), protonated adrenaline shows five hydrophobic con-
tacts with V114, V117, F193, and F289 residues because
two atoms of V117 interact with the catechol head of the
natural ligand. In our case, AD4 and Vina approaches
gave the same number of hydrophobic contacts, mainly
with V117 and F289 residues, for lowest energy conforma-
tions of protonated adrenaline and noradrenaline docked
into rigid b2AR models (Fig. 4 A). At the same time,
Vina best binding poses of dopamine, L-DOPA, and drox-
idopa interacting with rigid receptor models displayed an
additional hydrophobic interaction as compared with the
correspondent AD4 lowest energy structures (Fig. 4 A).
In particular, the exogenous ligands, L-DOPA and droxi-
dopa, displayed apolar interactions with V114 and F193,
which are considered key residues in the binding of cate-
cholamines to b2AR (Fig. 4 A). In general, in AD4 rather
than in Vina calculations of endogenous ligands docked
into flexible b2AR models, we also observed more hydro-
phobic contacts because of interactions with residues
V114 and F290 (Fig. 4 A). AD4 lowest energy conforma-
tions of L-DOPA and droxidopa docked into flexible
b2AR models showed hydrophobic interactions mainly
with V114, V117, and F289 residues (Fig. 4 A). Vina
best binding poses of exogenous ligands displayed the
same interactions observed by the AD4 approach and an
additional interaction with F193 residue of b2AR (Fig. 4
A). Taken together, the results of apolar interactions
showed that all investigated catecholamines formed hydro-
phobic contacts with five out of seven b2AR residues,
namely V114, V117, F193, F289, and F290, as previously
reported in the literature (59). It is also worth noting that all
MD simulations of b2AR-catecholamine complexes dis-
played the formation of hydrophobic interactions with the
same amino acids obtained by AD4 and Vina calculations
(Fig. S25).

Among all investigated catecholamines, the number of
hydrophobic contacts was on average much lower than the
number of hydrogen bonds with b2AR residues and essen-
tially constant for AD4 calculations, suggesting that polar
interactions contribute more than apolar ones to all esti-
mated binding free energies and affinities (Fig. 4 B). In
particular, this difference between protein-ligand interac-
tions became more evident in flexible dockings, thus ex-
plaining why AD4 calculations generated conformations
with a higher binding affinity than those obtained by the
Vina approach (Fig. 4 B; Tables S3 and S4).
CONCLUSIONS

Here, we hypothesize through molecular docking and MD
simulations that the binding of catecholamines to b2AR is
stabilized by polar interactions of their catechol and etha-
nolamine moieties with specific amino acids, such as
S203, S204, S207, D113, and N312, as observed by exper-
imental and computational studies (59–61,64,67). We also
showed that the network of polar interactions includes
hydrogen bonds between Y316 and T118 residues of
b2AR and catechol head and ethanolamine tail atoms,
respectively, contributing to the stability of lowest energy
binding conformations of each ligand. In addition, each
investigated catecholamine made also hydrophobic con-
tacts with b2AR residues, comprising V114, V117,
F193, F289, and F290, previously observed to interact
with similar agonists (59). The combination of AD4 and
Vina approaches enabled us to explore in a more detailed
way the conformational space of each ligand docked into
flexible b2AR models, leading to the discovery of novel
binding modes for endogenous catecholamines. The exog-
enous catecholamines, L-DOPA and droxidopa, showed
lowest energy binding conformations similar to their
endogenous derivatives, dopamine and noradrenaline,
respectively. At the same time, our study highlighted for
the first time, to our knowledge, how the droxidopa drug
interacts with b2AR, suggesting similar binding modes
for other structurally similar drugs employed in the treat-
ment of Parkinson’s disease. Despite the fact that these
novel conformations of both endogenous and exogenous
catecholamines are not yet validated experimentally, the
structural variability of b2AR active states should be
considered. It is reasonable to expect that these novel
binding modes would be possible under physiological
conditions as well (74).

Besides, because excess levels of adrenaline and
noradrenaline are implicated in cancer growth and develop-
ment (75), a better understanding of how these hormones
bind to b2AR and other adrenergic receptors in healthy
and tumoral cells might provide insight on the prevalence
of these various binding modes.
SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.

2021.11.007.
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52. Álvarez-Diduk, R., and A. Galano. 2015. Adrenaline and noradrena-
line: protectors against oxidative stress or molecular targets? J. Phys.
Chem. B. 119:3479–3491.

53. Salentin, S., S. Schreiber, ., M. Schroeder. 2015. PLIP: fully auto-
mated protein-ligand interaction profiler. Nucleic Acids Res.
43:W443-7.

54. Laskowski, R. A., and M. B. Swindells. 2011. LigPlotþ: multiple
ligand-protein interaction diagrams for drug discovery. J. Chem. Inf.
Model. 51:2778–2786.

55. Klauda, J. B., R. M. Venable, ., R. W. Pastor. 2010. Update of the
CHARMM all-atom additive force field for lipids: validation on six
lipid types. J. Phys. Chem. B. 114:7830–7843.

56. Best, R. B., X. Zhu,., A. D. Mackerell, Jr. 2012. Optimization of the
additive CHARMM all-atom protein force field targeting improved
sampling of the backbone f, c and side-chain c(1) and c(2) dihedral
angles. J. Chem. Theory Comput. 8:3257–3273.

57. Huang, J., and A. D. MacKerell, Jr. 2013. CHARMM36 all-atom addi-
tive protein force field: validation based on comparison to NMR data.
J. Comput. Chem. 34:2135–2145.
58. Kumari, R., R. Kumar, A. Lynn; Open Source Drug Discovery Con-
sortium. 2014. g_mmpbsa–a GROMACS tool for high-throughput
MM-PBSA calculations. J. Chem. Inf. Model. 54:1951–1962.

59. Katritch, V., K. A. Reynolds, ., R. Abagyan. 2009. Analysis of full
and partial agonists binding to beta2-adrenergic receptor suggests a
role of transmembrane helix V in agonist-specific conformational
changes. J. Mol. Recognit. 22:307–318.

60. Del Carmine, R., C. Ambrosio,., T. Costa. 2002. Mutations inducing
divergent shifts of constitutive activity reveal different modes of bind-
ing among catecholamine analogues to the beta(2)-adrenergic receptor.
Br. J. Pharmacol. 135:1715–1722.

61. Del Carmine, R., P. Molinari, ., T. Costa. 2004. ‘‘Induced-fit’’ mech-
anism for catecholamine binding to the beta2-adrenergic receptor.Mol.
Pharmacol. 66:356–363.

62. Strader, C. D., I. S. Sigal, ., R. A. Dixon. 1988. Conserved aspartic
acid residues 79 and 113 of the beta-adrenergic receptor have different
roles in receptor function. J. Biol. Chem. 263:10267–10271.

63. Suryanarayana, S., and B. K. Kobilka. 1993. Amino acid substitutions
at position 312 in the seventh hydrophobic segment of the beta 2-adren-
ergic receptor modify ligand-binding specificity. Mol. Pharmacol.
44:111–114.

64. Ambrosio, C., P. Molinari,., T. Costa. 2000. Catechol-binding serines
of beta(2)-adrenergic receptors control the equilibrium between active
and inactive receptor states. Mol. Pharmacol. 57:198–210.

65. Liapakis, G., J. A. Ballesteros, ., J. A. Javitch. 2000. The forgotten
serine. A critical role for Ser-2035.42 in ligand binding to and activa-
tion of the beta 2-adrenergic receptor. J. Biol. Chem. 275:37779–
37788.

66. Liapakis, G., W. C. Chan,., J. A. Javitch. 2004. Synergistic contribu-
tions of the functional groups of epinephrine to its affinity and efficacy
at the beta2 adrenergic receptor. Mol. Pharmacol. 65:1181–1190.

67. Strader, C. D., M. R. Candelore, ., R. A. Dixon. 1989. Identification
of two serine residues involved in agonist activation of the beta-adren-
ergic receptor. J. Biol. Chem. 264:13572–13578.

68. Wieland, K., H. M. Zuurmond, ., M. J. Lohse. 1996. Involvement of
Asn-293 in stereospecific agonist recognition and in activation of the
beta 2-adrenergic receptor. Proc. Natl. Acad. Sci. USA. 93:9276–9281.

69. Bandaru, S., M. Alvala,., S. K. Singh. 2017. Molecular dynamic sim-
ulations reveal suboptimal binding of salbutamol in T164I variant of b2
adrenergic receptor. PLoS One. 12:e0186666.

70. Isin, B., G. Estiu, ., Z. N. Oltvai. 2012. Identifying ligand binding
conformations of the b2-adrenergic receptor by using its agonists as
computational probes. PLoS One. 7:e50186.

71. Plazinska, A., M. Kolinski, ., K. Jozwiak. 2013. Molecular interac-
tions between fenoterol stereoisomers and derivatives and the b2-adren-
ergic receptor binding site studied by docking and molecular dynamics
simulations. J. Mol. Model. 19:4919–4930.

72. Dickson, C. J., V. Hornak, ., J. S. Duca. 2016. Uncoupling the struc-
ture-activity relationships of b2 adrenergic receptor ligands from mem-
brane binding. J. Med. Chem. 59:5780–5789.

73. Manna, M., W. Kulig, ., I. Vattulainen. 2015. How to minimize arti-
facts in atomistic simulations of membrane proteins, whose crystal
structure is heavily engineered: b2-adrenergic receptor in the spotlight.
J. Chem. Theory Comput. 11:3432–3445.

74. Zocher, M., J. J. Fung, ., D. J. M€uller. 2012. Ligand-specific interac-
tions modulate kinetic, energetic, and mechanical properties of the hu-
man b2 adrenergic receptor. Structure. 20:1391–1402.

75. Cole, S. W., and A. K. Sood. 2012. Molecular pathways: beta-adren-
ergic signaling in cancer. Clin. Cancer Res. 18:1201–1206.
Biophysical Journal 120, 5631–5643, December 21, 2021 5643

http://refhub.elsevier.com/S0006-3495(21)00954-1/sref37
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref37
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref37
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref38
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref38
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref38
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref39
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref39
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref39
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref39
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref39
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref40
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref40
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref40
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref40
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref40
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref41
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref41
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref41
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref42
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref42
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref43
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref43
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref44
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref44
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref44
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref44
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref45
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref45
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref45
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref46
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref46
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref46
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref47
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref47
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref47
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref48
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref48
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref48
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref49
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref49
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref50
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref50
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref50
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref51
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref51
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref51
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref52
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref52
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref52
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref53
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref53
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref53
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref54
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref54
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref54
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref54
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref55
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref55
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref55
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref56
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref56
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref56
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref56
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref57
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref57
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref57
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref58
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref58
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref58
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref59
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref59
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref59
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref59
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref60
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref60
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref60
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref60
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref61
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref61
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref61
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref61
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref61
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref62
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref62
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref62
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref63
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref63
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref63
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref63
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref64
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref64
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref64
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref65
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref65
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref65
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref65
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref66
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref66
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref66
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref67
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref67
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref67
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref68
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref68
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref68
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref69
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref69
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref69
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref70
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref70
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref70
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref71
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref71
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref71
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref71
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref71
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref72
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref72
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref72
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref73
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref73
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref73
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref73
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref73
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref74
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref74
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref74
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref74
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref75
http://refhub.elsevier.com/S0006-3495(21)00954-1/sref75

	Analysis of L-DOPA and droxidopa binding to human β2-adrenergic receptor
	Introduction
	Materials and methods
	β2AR all-atom model preparation
	Molecular docking
	MD simulations of β2AR-catecholamine complexes.
	Essential dynamics and free energy landscape
	Binding free energy of ligands in β2AR-catecholamine complexes

	Results
	Full and partial agonists binding to β2AR: docking of noradrenaline and dopamine
	L-DOPA binding to the β2AR receptor
	Droxidopa binding to the β2AR receptor
	Hydrogen bond network in β2AR models bound to noradrenaline and dopamine
	Hydrogen bond network in β2AR models bound to L-DOPA and droxidopa
	Hydrophobic contacts of β2AR full and partial agonists
	ED and free energy landscape

	Discussion
	Conclusions
	Supporting material
	Author contributions
	Acknowledgments
	References


