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ABSTRACT
Biased agonism in G protein-coupled receptors is a phenomenon resulting in the selective activation of distinct intracellular 
signaling pathways by different agonists, which may exhibit bias toward either Gs, Gi, or arrestin-mediated pathways. This 
study investigates the structural basis of ligand-induced biased agonism within the context of the β2-adrenergic receptor (β2-AR). 
Atomistic molecular dynamics simulations were conducted for β2-AR complexes with two stereoisomers of methoxynaphtyl 
fenoterol (MNFen), that is, compounds eliciting qualitatively different cellular responses. The simulations reveal distinct in-
teraction patterns within the binding cavity, dependent on the stereoisomer. These changes propagate to the intracellular parts 
of the receptor, triggering various structural responses: the dynamic structure of the intracellular regions of the (R,R)-MNFen 
complex more closely resembles the “Gs-compatible” and “β-arrestin-compatible” conformation of β2-AR, while both stereoiso-
mers maintain structural responses equidistant from the inactive conformation. These findings are confirmed by independent 
coarse-grained simulations. In the context of deciphered molecular mechanisms, Trp313 plays a pivotal role, altering its orien-
tation upon interactions with (R,R)-MNFen, along with the Lys305-Asp192 ionic bridge. This effect, accompanied by ligand 
interactions with residues on TM2, increases the strength of interactions within the extracellular region and the binding cavity, 
resulting in a slightly more open conformation and a minor (by ca. 0.2 nm) increase in the distance between the TM5–TM7, 
TM1–TM6, TM6–TM7, and TM1–TM5 pairs. On the other hand, an even slighter decrease in the distance between the TM1–TM4 
and TM2–TM4 pairs is observed.

1   |   Introduction

G protein-coupled receptors (GPCRs) are the largest and most 
diverse group of membrane proteins which transmit extracel-
lular stimuli into the cell interior of eukaryotes. It is canoni-
cally envisioned that a GPCR, upon activation by an external 
signal, couples to a G protein on the inner surface of mem-
brane; the event leads to activation of the latter and consequent 
triggering of a sequence of downstream signaling pathways 

within the cell. Receptor desensitization usually occurs when 
it becomes phosphorylated by a GPCR kinase which shifts the 
sensitivity of the intracellular coupling interface to prefer ar-
restin proteins [1, 2]. More recent research, however, indicates 
tremendously complex signaling patterns for many GPCRs; 
the receptor may couple to more than one type of G protein 
triggering a plethora of alternative intracellular pathways; ar-
restin recruitment induces additional, G-protein independent 
signaling that affects the cell function [3]. All these concerted 
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cellular actions can be fine-tuned by a ligand molecule bound 
to the extracellular binding domain and a very important ob-
servation in current GPCR pharmacology is biased agonism 
[4]. It occurs when structurally different ligands, upon bind-
ing to the same receptor, trigger significantly altered cellular 
signaling by inducing unequal interaction patterns between a 
receptor and intracellular transducers (G proteins and/or ar-
restins) [5–8]. While pharmacologic aspects of biased agonism 
becomes well documented and described for growing number 
of GPCRs, its structural basis and key drug–receptor interac-
tions directing receptors for biased signaling remains much 
more elusive [9].

β2-adrenergic receptor (β2-AR) is one of the best-characterized 
GPCRs from both pharmacologic and structural standpoints 
[10]. Plenty of β2-AR ligands, agonists, antagonists, or inverse 
agonists have been developed [11] and many of them are in 
clinical practice [12, 13]. Research suggests that some of the 
ligands show biased patterns of signaling [14]. For example, 
when analyzing the cellular ratio between cAMP response (as-
sociated with the receptor's Gs coupling) and GRK response 
(mediated by β-arrestin recruitment) for a series of β2-AR ag-
onists, three outliers were identified that showed a significant 
bias toward arrestin signaling: N-cyclopentylbutalephrine, 
isoetharine, and ethyl-norepinephrine [15]. Another study on 
rat cardiomyocytes [16] indicated that activation of β2-AR by 
a standard agonist leads the receptor to couple to Gs and, to a 
lesser extend to Gi protein; the exemption was observed for fe-
noterol, an agonist which induced solely Gs signaling patterns 
in the experimental setup. In the follow-up study, different ste-
reoisomers of fenoterol and its derivative, 4-methoxyfenoterol 
were analyzed; it was found that in both structures, the (R,R) 
stereoisomers induced Gs selective signaling patterns, while 
(R,S) isomers showed dual signaling, Gs plus significant com-
ponent of Gi [17].

β2-AR is also the first druggable GPCR, which x-ray crystal-
lography structure was determined as early as in 2007 [18]. 
Since then, numerous groups have been resolving structures 
of the receptor complexed with varied ligand molecules within 
the binding site and transducers or nanobodies bounded to 
the intracellular coupling interface of the receptor in its ac-
tive forms [19–22]. Numerous lines of evidence postulate the 
allosteric coupling mechanism of β2-AR and other represen-
tatives of class A GPCRs. The receptor can be envisioned as a 
shapeshifting molecule, where the binding of a ligand in the 
extracellular binding pocket induces an outward movement of 
the receptor's helices, which leads to adopting a shape com-
patible with the binding of a given transducer. Given that such 
a three-component system (ligand + receptor + transducer) 
remains in a state of dynamic equilibrium, the binding of the 
transducer in the intracellular part can affect the shape of the 
ligand binding pocket located there [23, 24]. This effect has 
significant implications for ligand-directed signaling; differ-
ent ligands constrain the receptor to slightly different active 
conformations, which may result in unequal transducer inter-
actions with the intracellular binding interface. Additionally, 
transducer binding may also affect ligand binding and mod-
ulate drug affinity. Therefore, the allosteric mechanism may 
link a specific transducer to a preferred (or biased) ligand and 
vice versa. Another important observation is that the ligand 

binding pocket at adrenergic receptors can be subdivided into 
two sectors: the orthosteric site, where (nor)epinephrine binds 
and the extended ligand binding domain (ELBD) [8]. The latter 
accommodates the fraction of an exogenous agonist molecule 
beyond epinephrine pharmacophore and is less evolutionary 
conserved than the ortosteric site, thus utilized by medicinal 
chemists for the development of subtype-selective ligands. But 
more importantly, residues composing ELBD originate from 
the external tips of transmembrane helices and the extracel-
lular loop 2 (ECL2) cap, the region considered as the most im-
portant to perform the allosteric link between a biased agonist 
and preferred transducer [8]. This is suggested by an analysis 
based on the molecular structure of ligands [25], showing that 
arrestin-biased agonists [26–28] have an aryl-substituted alkyl 
tail attached to the amino N atom, and the bulky aromatic 
rings that occupy the ELBD [20, 21, 29]. In contrast, the Gs-
biased agonists also occupy this space but form distinct inter-
actions [30]. The interaction of biased agonists with the ELBD 
is also observed in molecular simulations [31, 32].

In extensive research on the mechanism of action of the β2-AR 
receptor, methods based on molecular simulations play a signifi-
cant role, enabling insight into the details of interactions respon-
sible for specific conformational states and attempting to link 
the stability of particular conformers with the effect of the pres-
ence of a given pharmacological type of ligand. In recent years, 
atomistic-level simulations have allowed, among other things, 
the determination of molecular details of the β2-AR receptor ac-
tivation mechanism [33–35], as well as analogous details, for in-
stance, for receptors with mutations [36] and/or biased signaling 
processes [31, 32, 37].

The current work relies on a molecular modeling approach to 
corroborate the allosteric coupling mechanism. The main aim 
is to investigate ligand-induced structural changes of the β2-AR 
molecule that link a biased molecule in the binding site with 
structural organization of the intracellular interface recogniz-
ing a transducer using atomistic molecular dynamics (MD) 
simulations carried out according to either standard, unbiased, 
or enhanced-sampling (metadynamics-based) protocols. The 
study is focused on modeling of two the most active stereoiso-
mers of 4′-methoxy-1-naphtylfenoterol (MNFen), that is, (R,R)- 
and (R,S)-; it was earlier determined that stereochemistry of 
that ligand significantly affects interactions with β2-AR and is 
a source of biased signaling observed in β2-AR-Gsα and β2-AR-
Giα fusion proteins [38, 39]. In light of the results obtained from 
the atomistic simulations, additional coarse-grained (CG) simu-
lations were conducted to verify the reproducibility of the most 
significant observations.

It is worth emphasizing that the two studied ligand-GPCR com-
plexes differ only by stereoconfiguration of the ligands bound to 
receptor. Apart from this factor, all other details of the applied 
molecular model (including the Hamiltonian describing intra- 
and intermolecular interactions, system composition, etc.,) are 
identical. This creates a unique opportunity to investigate the 
fundamentals of biased agonism while simultaneously min-
imizing the effects related to structural differences in ligands 
that are not stereoisomers, which could influence the obtained 
results. Such effects may be associated, for example, with the 
accuracy of the model but also with the variable time scale of the 
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observed processes. Therefore, any found and discussed differ-
ences between the dynamic structure of the complexes induced 
by the presence of the ligand have their source only in the type 
of ligand stereoconfiguration.

2   |   Methods

2.1   |   Docking

The docking study and MD simulations involving β2-AR re-
lied on the XRD structural data deposited in the PDB database 
(PDB:4LDL). The T4 lysozyme, present alongside β2-AR, as well 
as all cocrystalized small molecules and ions were removed 
from the receptor structure. Subsequently, the docking simu-
lations were carried out in order to find the most energetically 
favorable initial positions of the two stereoisomers of MNFen in 
the binding cavity of β2-AR.

The considered ligand molecules, (R,R)-methoxynaphtyl​feno-
terol ((R,R)-MNFen), (R,S)-methoxynaphtylfenoterol ((R,S)-
MNFen) and hydroxybenzylisoproterenol (i.e., ligand originally 
present in the PDB:4LDL structure) were drawn using Avogadro 
1.1.1 [40], relying on the hydroxybenzylisoproterenol structure 
and initially optimized within the UFF force field [41] (5000 
steps, steepest descent algorithm). These flexible and optimized 
ligands molecules were docked into the binding pocket of the re-
ceptor, prepared as described above. Docking simulations were 
carried out in the AutoDock Vina software [42, 43]. The proce-
dure was performed within the cuboid region of dimensions of 
24 × 24 × 24 Å3 which covers all the originally cocrystallized li-
gand present in the considered PDB structure as well as the clos-
est amino-acid residues that exhibit contact with that ligand. All 
default procedures and algorithms implemented in AutoDock 
Vina were applied. The torsional angles in ligand molecules as 
well as the selected amino-acid sidechains within the binding 
cavity were allowed to rotate. For each ligand, a single docking 
was performed, resulting in the generation of 8 alternative ligand 
locations along with their corresponding binding energies. The 
criterion for classifying a given ligand position as “favorable” was 
the binding free energy determined during docking. Moreover, 
the inspection of the poses obtained during docking was carried 
out, along with clustering analysis. The most favorable binding 
poses of (R,R)-MNFen and (R,S)-MNFen interacting with β2-AR 
were accepted as starting configurations in the subsequent MD 
simulations. The hydroxybenzylisoproterenol-containing system 
was not considered in the context of MD simulations, and its role 
was only to validate the docking protocol.

2.2   |   Atomistic MD Simulations

The MD simulations relied on the PDB:4LDL structure. The 
β2-AR-ligand complexes of the structure determined during 
docking simulations were placed in rectangular simulation 
boxes of dimensions 12 × 12 × 14 nm3, immersed in the DPPC 
lipid bilayer, and surrounded by the explicit water molecules 
(ca. 40 000) and appropriate number of Na+ and Cl− ions (ca. 
160), neutralizing the charge and elevating the ionic strength to 
0.15 M. GROMACS 2016.4 [44] tools were used for this purpose, 
including pdb2gmx, editconf, solvate, and genion subprograms.

The systems were subjected to a multistep geometry optimi-
zation and equilibration protocol relying on gradual removing 
constraints from the protein structure in parallel to applying 
the pressure control. The following steps were applied: (1) fro-
zen protein, positional restraints with force constants equal to 
1000 kJ/mol/nm2 on heavy atoms of lipids, 1 ns NVT simulation; 
(2) positional restraints with force constants equal to 1000 kJ/
mol/nm2 on each heavy atom of protein, 5 ns NPT simulation; 
(3) positional restraints with force constants equal to 100 kJ/
mol/nm2 on protein backbone, 5 ns NPT simulation; (4) posi-
tional restraints with force constants equal to 10 kJ/mol/nm2 on 
protein backbone, 5 ns NPT simulation; (5) unconstrained NPT 
simulation lasting 15 ns. After equilibration, systems were sub-
jected to the standard, unbiased MD simulations or the free en-
ergy calculations (see details below).

All MD simulations, including stages of geometry optimization 
and equilibration, were carried out within the GROMACS 2016.4 
package [44] by using the all-atom CHARMM36 force field [45]. 
The parameters for ligands were generated by the CHARMM-
GUI online server [46] whereas the GROMACS build-in pdb-
2gmx tool was used for generating protein-related parameters. 
Periodic boundary conditions and the isothermal-isobaric en-
semble were applied. The temperature was maintained close 
to its reference value (310 K) by applying the V-rescale thermo-
stat [47], whereas for the constant pressure (1 bar, semiisotro-
pic coordinate scaling), the Parrinello-Rahman barostat [48] 
was used with a relaxation time of 0.4 ps. The equations of mo-
tion were integrated with a time step of 2 fs using the leap-frog 
scheme  [49]. The TIP3P model of water [50] was applied. The 
hydrogen-containing solute bond lengths were constrained by 
the application of the LINCS procedure with a relative geometric 
tolerance of 10−4 [51]. The electrostatic interactions were mod-
eled by using the particle-mesh Ewald method [52] with cutoff 
set to 1.2  nm, while van der Waals interactions (LJ potentials) 
were switched off between 1.0 and 1.2 nm. The translational 
center-of-mass motion was removed every timestep separately 
for the solute and the solvent. The full rigidity of the water mole-
cules was enforced by the application of the SETTLE procedure 
[53]. Production simulations were carried out for a duration of 
1000 ns, and the data were collected every 2 ps.

The analysis of RMSD (root-mean square deviation) was per-
formed by using the gmx rms tool (part of GROMACS) and con-
cerned Cα atoms of selected parts of the β2-AR structure. The 
distance between fragments of transmembrane domains was 
always calculated as the center-of-mass of three consecutive Cα 
atoms, located on the α-helix and being closest to the nearest 
loop (or N-end).

The free energy calculations were carried out according to the 
well-tempered metadynamics protocol [54] by using PLUMED 
2.4 software [55]. The equilibrated configurations of both con-
sidered systems were used to initiate the metadynamics simu-
lations. The 1D free energy profiles (FEPs) were defined by the 
value of the N-C1-C2-C3 dihedral angle (see the illustration and 
atom numbering in Figure 3), which expresses the orientation 
of one of the ligand moieties. The parameters of metadynam-
ics were set as follows: initial height of bias portion: 0.2 kJ/mol, 
bias portion width: 0.314 rad, initial deposition rate: 1.25 kJ/
mol/ps, bias factor (dependent on the ΔT parameter in Eq. (2) 
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from ref. ([54]: 15). Metadynamics simulations were carried out 
for 200 ns, and the convergence of the final FEPs was tested by 
hand-written scripts.

Additionally, to estimate the free energy of binding of both 
MNFen stereoisomers to the receptor, two 100 ns simulations of 
the free ligands in the solvent were carried out. The remaining 
simulation parameters were kept the same (except for the size of 
the simulation boxes, which were reduced to 6 × 6 × 6 nm3).

2.3   |   Coarse-Grained MD Simulations

The initial protein structure for CG simulations was the same as 
that for atomistic simulations (i.e., PDB:4LDL). It was converted 
to CG resolution by using the martinize2.py script; the same 
script was used to generate the initial force field parameters. The 
missing ICL3 fragment was reconstructed by using the MoMA-
LoopSampler online server [56] (moma.​laas.​fr). The Martini 3 
[57] parameters were employed in the simulations. Instead of 
the default elastic network approach, the GōMartini [58, 59] pro-
tocol was applied to restrain the secondary and tertiary protein 
structure with default options, including dissociation energy of 
the Lennard-Jones potentials equal to 12 kJ/mol. The create_go-
Virt.py script was applied for that purpose. Moreover, the depths 
of the GōMartini energy terms linking TM1 with TM7 and TM1 
with TM2 were reduced to 9.0 kJ/mol, and the GōMartini poten-
tials associated with loops were removed in order to better reflect 
the disordered nature of these fragments.

The presence of ligand molecules was not explicitly considered 
in the CG model. In order to reflect the conformation of the re-
ceptor characteristic of the given stereoisomer of MNFen, a se-
ries of restraints was applied on the selected molecular switches, 
namely: (1) the distance between sidechains of Lys305 and 
Asp192 (< 0.6 nm for (R,S)-MNFen-like conformer and > 0.9 nm 
for (R,R)-MNFen-like conformer); (2) The BBAsn-BB-SC1-SC4 
torsional angle controlling the orientation of the Trp313 side-
chain (−55 or 165 deg., respectively, according to the Martini3 
notation); (3) The BB-SC1-SC4 angle, keeping the realistic ori-
entation of the Trp313 sidechain with respect to TM7 and TM1 
(100°, for both systems); (4) the three types of distance restraints 
between sidechain atoms of Trp313 and backbone atoms of 
Ile309, Ala91, and Val87 aimed to force the Trp313 orientation 
known from atomistic MD simulations. Other criteria for the 
choice of restraint-related parameters also relied on the results 
of atomistic simulations. The CG simulations were focused on 
two separate systems, differing only by configuration of the 
above-mentioned switches.

Initially, the β2-AR molecule was placed in rectangular simula-
tion box of dimensions and 14 × 14 × 21 nm3. The immersion of β2-
AR into lipid bilayer and the subsequent solvation in the Martini 
3 water was carried out by the insane.py script. The lipid bilayer 
included: POPC (molar fraction: 18%), POPE (21%), POPS (11%), 
cholesterol (34%), and palmitoylsphingomyelin (16%).

All CG MD simulations were carried out with the GROMACS 
2023.2 package [44]. The reaction field electrostatics and 
Lennard-Jones potentials were shifted to zero at the cutoff dis-
tance of 1.1 nm. A dielectric constant of 15 was employed up 

to the cutoff length, after which it was given a value of infin-
ity. The Verlet cutoff scheme was employed, as implemented in 
GROMACS. Temperatures of the protein, the lipids and the sol-
vent were separately kept constant at 310 K in accordance with 
the procedure described in the previous section. After geometry 
optimization and equilibration (lasting 100 ns), the CG produc-
tion simulations for both systems were carried out for a duration 
of 10 μs, and the data were saved every 20 ps. The restraints dis-
tinguishing between two systems were turned on at the stage of 
equilibration.

The distances between intracellular fragments of transmem-
brane domains were defined as in atomistic simulations.

3   |   Results and Discussion

3.1   |   Docking Results

In the case of all ligands, it was noted that the most favorable in-
teraction energies (2 or 3, depending on the system under consid-
eration) corresponded only to minimal conformational changes 
of the ligand, related to rotations in the hydroxyl groups, while 
the ligand's position relative to the protein remained the same. 
Second and third highest energies (higher from the most favor-
able one by at least 4.6 kJ/mol) corresponded to rotations of one 
of the groups containing naphtyl rings in MNFen, while the 
ligand's position relative to the protein remained unchanged. 
Only notably highers energies (at least 6.7 kJ/mol above the 
lowest) corresponded to significant changes in the structure 
of the complexes. When considering the lowest energy and 
the pose associated with it, the applied docking methodology 
appeared to be accurate enough to recover the position of the 
hydroxybenzylisoproterenol, known due to the XRD structure 
(PDB:4LDL) (Figure 1A). Initial positions of methoxynaphtylfe-
noterol stereoisomers interacting with the binding cavity of 
β2-AR appeared to be highly similar to the structurally related 
hydroxybenzylisoproterenol, present in the binding cavity of 
the XRD structure of PDB:4LDL (Figure 1B). This is expected 
in view of highly similar structures of both hydroxybenzyliso-
proterenol and methoxynaphtylfenoterol molecules. Moreover, 
binding of (R,R)-MNFen is slightly more energetically favorable 
in comparison to (R,S)-MNFen (−46.9 vs. −46.0 kJ/mol) which 
is in line with existing reports, indicating the enhanced affinity 
of (R,R)-stereoisomers of fenoterol derivatives with respect to 
binding to β2-AR over alternative stereoisomers [60].

3.2   |   Interactions of Ligands With Binding Cavity

The results in this and the following sections 3.2–3.4 are based 
on atomistic MD simulations, carried out according to the pro-
tocol described in section 2.2.

All ligands display stable position in the binding cavity of recep-
tor during whole course of unbiased MD simulation (1 μs). The 
network of ligand–receptor interactions found in the XRD struc-
ture (PDB:4LDL) and concerning the structurally analogous li-
gand (hydroxybenzyl isoproterenol) is fairly well recovered also 
in the case of the two MNFen-β2-AR complexes. This includes 
for example, the ionic bridge between Asp113 and amine moiety 
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of ligand, which is one of the most frequently conserved contacts 
in the ligand-β2-AR interactions. Both (R,R)- and (R,S)-MNFen 
molecules occupy the same binding region between transmem-
brane domains (TM): TM3, TM5, TM6, and TM7. Other relevant 
protein–ligand contacts include: (1) the two meta-OH groups 
of the 3,5-dihydroxyphenyl moiety of ligands create hydrogen 
bonding (HB) with Ser203 and Ser207 located on TM5, (2) β-OH 
moiety of the ligand can form HB involving Asp113 (TM3) and 
Asn312 (TM7), (3) amine moiety of ligand can interact with 
Asn312 by creation HB, and (4) the 4-methoxynaphtyl moiety 
(MeO-Naph) of the ligand is located in the vicinity of TM7. It is 
also worth noting the close distance between the ligand mole-
cule and Trp286, that is, the residue that was identified in our 
previous studies as a potential conformational switch playing 
a role in stabilizing certain conformational states of the recep-
tor. Figure 2A,B illustrates the location of both ligands in the 
binding cavity and shows all amino-acid residues located in the 
vicinity of the ligand molecules.

Using the linear interaction energy method [61], the free bind-
ing energy of both stereoisoforms of MNFen to the receptor was 
estimated. Values of −26.4 and 25.2 kJ/mol were obtained for 
(R,R)-MNFen and (R,S)-MNFen, respectively, which is in agree-
ment with the affinity trend obtained in docking ((R,R) > (R,S)) 
and highlights the significant affinity of both ligands for the 
receptor.

During the whole runtime of the simulations (1000 ns) of MD 
simulation, the position of (R,R)-MNFen is roughly unchanged 
with respect to the initial arrangement (Figure  1) which in-
cludes the direction of the 4-MeO-Naph of the ligand toward 
Tyr308. On the contrary, the fragment of (R,S)-MNFen un-
dergoes a reorientation after ca. 240 ns of simulation. Namely, 
the 4-MeO-Naph rotates and approaches amino-acid residues 

located at TM1, TM2, and ECL2. The position of the remain-
ing parts of ligand molecules is unaltered with respect to the 
initial structure. This effect is clearly seen in Figure 2C, where 
these regions of the receptor display quantitative differences in 
the contact pattern and/or intensity with the ligand molecule, 
depending on ligand's stereoconfiguration. In more detail, the 
alteration in the network of the ligand–receptor interactions 
includes the new contacts with for example, Gly90 and Ala91 
(TM2), more intensive contacts with His93 (TM2) and, in gen-
eral, significant reduction of the distance to TM1. On the other 
hand, a series of contacts with residues on ELC3 are reduced 
with respect to their intensity. This includes mainly residues 
300–308, including Lys305 and Tyr308, as mentioned in further 
paragraphs. Moreover, although the corresponding average dis-
tance is roughly unchanged, the geometry of the arrangement of 
the 4-methoxynaphtyl group maintaining contact with Trp109 
is disturbed, which certainly influences the strength of the as-
sociated π-π or CH-π interactions with Trp109 (TM3), Ile309, 
Trp313 (TM7), and Phe193 (ECL2). The discussed reorientation 
of ligand's moiety has a character of a so-called rare event [62]; 
that is, it is nearly instantaneous (needs only tens of ps to be 
completed) and is irreversible when considering the remaining 
simulation time. Figure 3A,B shows further molecular details 
of the discussed transition, including their influence on the ro-
tameric states of Trp313 and Met40 sidechains as well as on the 
Lys305-Asp192 ionic bridge. This will be discussed further in 
section 3.3.

The timescale characteristic of the above-mentioned structural 
rearrangement (hundreds of ns) is too large to estimate the re-
lated conformational equilibria by using the unbiased MD 
simulations. Therefore, the enhanced-sampling, metadynamics-
based protocol was applied to determine the relative favorabil-
ity of the 4-MeO-Naph. The results confirm that the reoriented 

FIGURE 1    |    The graphical illustration of the docking results. (A) Superposition of the crystal structure of the hydroxybenzylisoproterenol 
molecule (PDB:4LDL, colored in yellow) and the optimal structure of the same ligand recovered during docking study (colored by atom type). (B) 
Superposition of the most energetically favorable ligand arrangements found during docking study for hydroxybenzylisoproterenol (colored by atom 
type) and the two stereoisomers of MNFen: (R,R) (colored in green) and (R,S) (colored in red).
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6 of 17 Proteins: Structure, Function, and Bioinformatics, 2024

group of (R,S)-MNFen corresponds to the most energetically fa-
vorable conformation. Moreover, the undisturbed arrangement 
of the (R,R)-MNFen molecule is also the most favorable confor-
mation typical for this ligand. The energy levels for alternative 

conformers exceed 20 kJ/mol in both cases; thus, their presence 
can be safely neglected. The 1D FEPs characteristic of the rota-
tions of the MeO-Naph group are given in Figure 4. Apart from 
the initial fragments of MD trajectory generated for (R,S)-MNFen 

FIGURE 2    |    (A) Typical position of the (R,R)-MNFen molecule in the binding cavity of the receptor, identified based on atomistic MD simulations. 
The ligand molecule is shown using a thick stick representation, while the nearest amino acid residues in contact with it (distance less than 0.4 nm) are 
shown as thin sticks. Hydrogen atoms are omitted for clarity. The illustration is based on the final frame of the unbiased MD simulation. (B) As in (A), 
but the ligand is (R,S)-MNFen. (C) The average minimum distance between the ligand molecule and all amino acid residues in the β2-AR molecule.

FIGURE 3    |    (A) The position of the (R,S)-4-methoxynaphtylfenoterol molecule (colored in green) bound to β2-AR compared to the position 
of (R,R)-4-methoxynaphtylfenoterol (colored in red) and the reorientation within the Trp313 and Met40 sidechains, correlated with the ligand 
stereoconfiguration. The color code is uniform for all panels. (B) Same as in (A) but with the two conformations of the Lys305-Asp192 ionic bridge, 
also correlated with the stereoconfiguration of bound ligand. (C) The structural changes in the β2-AR molecule, visible especially the intracellular 
part of the β2-AR, correlated with the stereoconfiguration of the ligand present in the binding cavity.
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(ca. 24%), the sampled conformational space and related quanti-
ties discussed below correspond to energetically favorable orien-
tations determined in this stage of the study.

A direct consequence of diverse arrangements of both stereo-
isomers in the binding cavity is a series of differences between 
particular structural descriptors reflecting for example, the dis-
tances between reoriented MeO-Naph group (as discussed ear-
lier) but also some of amino acid residues present in the binding 
pocket. In the next subsection, the “local” structural changes 
occurring within the binding cavity or its close vicinity are de-
scribed and discussed; the changes taking place in more distant 
parts of the receptor, especially those observed in the intracellu-
lar parts are concerned in subsection 3.4.

3.3   |   Structural Consequences for Extracellular 
Part of β2-AR

Only very few amino-acid residues differ in their conforma-
tion upon the influence of a reoriented MeO-Naph group of 
(R,S)-MNFen in comparison to the case of (R,R)-MNFen. The 

most essential differences include the sidechains of His93, 
Ile94 (TM2), Trp313 (TM7), and Met40 (TM1). The “twisted” 
MeO-Naph group of (R,S)-MNFen creates the sterically-
crowded environment in the vicinity of TM2 and TM7, forcing 
the systematic movement of the His93 and Ile94 sidechains 
further from the binding cavity. The same effect is responsi-
ble for the orientation of the Trp313 sidechain which is faced 
toward TM1. Consequently, the Met40 sidechain is reori-
ented in order to accommodate the indole moiety of Trp313, 
now maintaining closer contact with TM1. On the contrary, 
in the case of (R,R)-MNFen, the analogous MeO-Naph group 
is placed closer to TM6, leaving the space to accommodate 
the rotating Trp313 sidechain and slight movement of His93 
and Ile94 toward the centre of the binding cavity. Thus, the 
most significant, well-defined ligand-induced alteration in 
the conformation of binding cavity are the distinct rotameric 
states of Trp313 (see Figures 3A,B and 5A). The conformation 
of Tyr308, that is, the residue which has been identified as 
relevant for the biased-agonism phenomena [63], is roughly 
the same in the case of both considered ligands. However, 
the stereoconfiguration-inherent structural differences re-
sult in a lack of any contact between the MeO-Naph group 

FIGURE 4    |    (up) The definition of the metadynamics coordinate, that is, the N-C1-C2-C3 dihedral angle (atoms defining the quadruplet are 
marked as balls) and the orientation of the Trp313 sidechain, correlated with the ligand stereoconfiguration. (down) The 1D free energy profiles were 
calculated during 200 ns-long metadynamics simulations (solid lines), and the histogrammed values of the N-C1-C2-C3 dihedral angle were sampled 
during unbiased 1 μs-long MD simulations.
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8 of 17 Proteins: Structure, Function, and Bioinformatics, 2024

of (R,R)-MNFen and Tyr308 sidechain. On the contrary, 
such contacts are frequently maintained in the case of (R,S)-
MNFen (Figure  5B). In general, the network of interactions 
within the receptor, under the influence of the (R,S)-MNFen 
molecule in the binding pocket, shifts toward stronger steric 
pressure exerted by the side chain of Trp313 and the ligand 
itself on TM1 and TM2.

Interestingly, the available XRD structures of the β2-AR-agonist 
complexes usually contain only one type of the Trp313 rotamer, 
compatible with that identified in our simulations of (R,S)-
MNFen-containing system. A more detailed discussion on 
the conformations of Trp313 in the XDR structures is given in 
section 3.6.

Moreover, we have observed a notable alteration of the dynamic 
equilibrium inherent to opening/closing of the Lys305-Asp192 
ionic bridge (Figures  3A,B and 5D). The presence of (R,S)-
MNFen in the binding cavity shifts this equilibrium toward the 
preference of the closed state and direct contact of the involved 
sidechains. This results from the stabilizing influence of the 
methoxy group of the (R,S)-MNFen molecule interacting with 
Asp192. On the contrary, the analogous group of (R,R)-MNFen 
is capable to interact with the sidechain of Lys305, competing 
for interactions with Asp195 and, thus, reducing the chances for 
ionic bridge formation.

Depending on the residue considered, the mentioned conforma-
tional rearrangements within the protein molecule are either 
rare-event transitions, irreversible within the simulation times-
cale, and correlate with the reorientation of the (R,S)-MNFen 
group. The main example belonging to the first group is the 
reorientation of the Trp313 sidechain, which occurs at the be-
ginning of the simulations, and no further changes are observed 

until the end of the run. Other transitions are of a dynamic na-
ture, and the reorientation of the ligand group shifts their dy-
namic equilibrium. In this case, the examples are are follows: 
(1) the most frequently occurring conformation (ca. 70% in both 
cases) of the His93 sidechain, which can correspond to the Cα-
Cβ-Cγ-Cδ1 torsional angle values of ca. −170° (for (R,R)-MNFen) 
or ca. −90° (for (R,S)-MNFen); (2) the conformation of the Ile94 
sidechain, which can correspond to three nearly equally pop-
ulated staggered conformers around −60°, 60°, and 180° (for 
(R,R)-MNFen) or to a single, dominating conformer with a fre-
quency of ca. 80% at ca. 170° (for (R,S)-MNFen) (the C-Cα-Cβ-Cγ 
torsional angle was considered); (3) the population-dominating 
conformation of the Met40 sidechain, which is increased from 
ca. 50% to 65% upon changing the ligand type from (R,R)-
MNFen to (R,S)-MNFen (the C-Cα-Cβ-Cγ torsional angle is equal 
to ca. 180° in both cases); (4) the frequency of appearance of the 
Lys305-Asp192 ionic bridge, which is equal to either 26% ((R,R)-
MNFen) or 66% ((R,S)-MNFen).

3.4   |   Structural Consequences for Intracellular 
Part of β2-AR

The pattern of ligand–protein contacts observed for considered 
stereoisomers of MNFen is correlated with a series of structural 
divergences of the receptor molecule considered at a larger di-
mensional scale. More precisely, the observed differences are 
located in the intracellular part of β2-AR and include moder-
ate structure reorganizations at the interface of TM7/H8 (8th 
helix) and TM5/6. The superposition of the resulting receptor 
structure is shown in Figure 3C, and the distribution of the ex-
emplary descriptor (distance between intracellular fragments 
of TM5 and TM7) is given in Figure  5E whereas Figures  6 
and 7 show the results of a more systematic analysis oriented 

FIGURE 5    |    A series of probability distributions related to the selected descriptors illustrating either the ligand-affected conformation of β2-
AR (A, D, E), the ligand–protein contacts (B, C) or the ligand–protein energy of interactions (F). The distances were measured either for COM of 
sidechains and the MeO-Naph group (B, C, D) or selected Cα atoms, corresponding to intracellular fragments of the domains (E).
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9 of 17

FIGURE 6    |    (A–I) The distributions of the RMSD values calculated for intracellular parts of the receptor (either ICLs or TM) with respect to the 
three different crystal structures of β2-AR: PDB:2RH1 (‘inactive’ conformer of β2-AR), PDB:3SN6 (‘active’, Gs-coupled β2-AR) and PDB:6NI3 (β2-AR 
bound to β-arrestin). (J) The RMSF values were calculated for all Cα carbon atoms within the β2-AR-ligand complex. The PDB:3SN6 structure was 
used as a reference for calculating RMSF. (K) Difference between RMSFs is shown in panel (J).
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at comparison between the ligand-induced changes in the do-
main–domain distances.

The (R,S)-MNFen-bound β2-AR displays a larger value of the 
TM1-TM6, TM5-TM7 and TM6-TM7 distances (measured only 
for the intracellular fragments of those domains) in comparison 
to (R,R)-MNFen-bound receptor (Figures 5 and 7). On the other 
hand, the distance between TM1 and TM4 as well as between 
TM2 and TM4 increases. At the same time, these pairs of helices 
are the most susceptible to dependence on the relative position-
ing influenced by the stereoconfiguration of the associated li-
gand. This effect is quantitatively presented in Figure 8, for both 
the all-atom simulations discussed in this section and the CG 
simulations discussed in the next section.

Although such ligand-induced alterations of the conforma-
tion would suggest the increased ability to bind the Gs protein 

due to an increase of the area of the potential binding region, 
a quantitative analysis based on RMSD parameters (Figure 6) 
speaks for a more complex scenario. Namely, when comparing 
the dynamic conformation of β2-AR with the XRD reference 
structures, it appears that the (R,R)-MNFen-bound receptor 
is more structurally similar to Gs-coupled β2-AR (PDB:3SN6) 
in comparison to the (R,S)-MNFen-containing complex. 
Moreover, β2-AR in complex with (R,R)-MNFen is more 
conformationally-restricted, exhibiting only one main con-
formational state expressed either with respect to the RMSD 
values or TM7-TM5 interdomain distance. The (R,S)-MNFen-
bound receptor display more conformational heterogeneity in 
the context of both the mobility of TM7 and relation to the fixed 
PDB:3SN6 structure. At the same time, its dynamic conforma-
tion is further from the Gs-coupled β2-AR structure in com-
parison to the (R,R)-MNFen-bound receptor. Thus, in spite of 
larger interdomain distances observed for (R,S)-MNFen-β2-AR 

FIGURE 7    |    (A) Symbolic illustration of the relationship between the distances of intracellular, terminal fragments of transmembrane domains 
caused by the conformational change of the (R,S)-MNFen ligand. The correlation coefficient (R) between the N-C1-C2-C3 torsion angle (as shown 
in Figure 4) and the distances between these fragments was analyzed. All relationships corresponding to |R| > 0.3 are shown. Red arrows indicate 
a positive correlation (decreasing domain-domain distance), while blue ones indicate a negative correlation (increasing distance). (B) Symbolic 
illustration of the receptor, showing the definition of some of the analyzed fragments. (C–E) The three most strongly correlated descriptors. (F) The 
most strongly correlated descriptor among those representing the relative orientation of entire domains.
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11 of 17

FIGURE 8    |    (A and B) Symbolic representation of the coarse-grained models used in the simulations, along with different conformations of 
molecular switches, representing the receptor bound to (R,R)-MNFen (A) and (R,S)-MNFen (B). The interaction centers corresponding to the 
remaining sidechains have been omitted. (C) Average distance between the terminal intracellular fragments of the transmembrane domains 
determined using atomic simulations. (D) As in (C), but the data generated using coarse-grained simulations. (E) The difference between the values 
from panels (C and D) corresponding to different ligand stereoconfigurations according to simulations: Atomic (AA) and coarse-grained (CG).
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complex, the (R,R)-MNFen-bound receptor seems to display a 
conformation that is more favored to Gs binding.

The above-described structural differences are restricted to the 
intracellular part of the receptor, mainly the interface between 
TM7/H8 and TM5/TM6 where both those regions are collec-
tively accounted for in calculations of RMSD. The analogous 
parameters calculated within either sole TM5, TM6, TM7, or 
H8 reveal marginal differences between (R,S)-MNFen- and 
(R,S)-MNFen-bound receptors. The analogous calculations 
performed for all ICLs also indicate the same pattern of similar-
ities between studies complexes and PDB:3SN6. This clearly in-
dicates that the ligand-induced structural changes concern the 
conformational equilibrium between domains but not within 
single domains. The obvious exception here are the sidechain 
movements, related to the direct contact with the ligand mole-
cules, described above.

Interestingly, in spite of structural alterations leading further 
from the PDB:3SN6 reference structure, the (R,S)-MNFen-
β2-AR does not become closer to the alternative, “inactive” 
antagonist-induced conformation of the receptor (Figure 5). In 
fact, both studied ligands induce conformations of the recep-
tor that are nearly equally distant from the PDB:2RH1 one and 
much closer to the PDB:3SN6. Thus, in both cases, the sampled 
conformations can be classified as “active” ones but differ in a 
series of subtle structural details.

An analogous comparison was also made regarding the struc-
ture of the β2-AR receptor bound to β-arrestin (PDB:6NI3), as 
shown in panels of Figure 6G–I. In this case, the deviations of 
the dynamic structures resulting from the simulations are of 
nearly the same magnitude as those observed for panels (D–F), 
where PDB:3SN6 was considered as a reference structure. This 
arises from the structurally similar fragments of the loops and 
intracellular ends of the helices present in the reference struc-
tures considered; both of them can be considered as “active” 
conformers. Minor difference between corresponding RMSD 
distribution results from the slightly divergent geometries of 
ICL3, ICL2 (to a lesser extent) and the corresponding sections 
of the helices. Furthermore, both the structures induced by the 
presence of either (R,R)-MNFen or (R,S)-MNFen exhibit the 
same tendency of the distance from the “active” conformer of 
the receptor. This suggests that the observed conformational 
changes of the intracellular fragments of the receptor may also 
influence β-arrestin coupling.

Unfortunately, there is a lack of structural data regarding the 
structure of β2-AR bound to the Gi protein, which prevents a 
more direct verification of the hypothesis about the increased 
structural similarity of such a state to our data generated for the 
β2-AR-(R,S)-NMFen complex.

The RMSF analysis (Figure  6) demonstrates that nearly all 
TM regions are stabilized upon binding of (R,S)-MNFen, in 
comparison to (R,R)-MNFen. The most reduced magnitude 
of fluctuation can be ascribed to TM4, TM5, TM6, and TM7; 
the latter three regions are associated with the largest differ-
ences in molecular conformation of intracellular parts. The 
mobility of the loop containing Lys305 is also significantly re-
duced as a consequence of disturbed equilibrium within the 

corresponding ionic-bridge. Moreover, larger conformational 
mobility of the loop-neighboring fragment of TM7 observed 
in the case (R,R)-MNFen-containing complex may be a conse-
quence of the direct contact of the Trp313 sidechain with both 
ligand and TM1.

From a mechanistic perspective, the structural divergences 
present in the intracellular part of β2-AR can be traced back to 
the stabilizing influence of the ligand, exerted in the binding 
cavity. This is attained by the above-described alterations in the 
Trp313-TM7 and Lys305-Asp192 interactions. Reduced mobility 
in the extracellular region of the receptor is propagated along 
the receptor domains and shifts the dynamic, conformational 
equilibrium of the intracellular parts. Interestingly, the larger 
mobility of the TM regions neighboring to the ligand binding 
site translates into reduced structural fluctuations of the intra-
cellular parts of the receptor. The latter is demonstrated by the 
differences in variances of the RMSD parameter distribution 
calculated either for (R,R)-MNFen- or (R,R)-MNFen-bound re-
ceptor (Figure 6).

Notably, the magnitude of the ligand-protein interaction en-
ergy is more negative (i.e., more favorable) in the case of (R,S)-
MNFen (by ca. 20 kJ/mol) in comparison to (R,R)-MNFen. 
This finding additionally supports the claim about effect of 
(R,S)-MNFen stabilizing the conformation of extracellular 
regions of β2-AR not only through modifying the internal pat-
tern of residue–residue interactions with the receptor but also 
through more intensive ligand–protein interactions. It is also 
worth noting that such energy of interaction is not equivalent 
to ligand–receptor affinity (mentioned in section  3.2) as it 
lacks the entropic contribution.

Apart from the above-described findings, we also have discov-
ered some structural rearrangements occurring within the in-
tracellular regions of TM5 and TM6 of the (R,S)-MNFen-bound 
receptor. They involve the increase of the distance between TM6 
and TM7 and seem to be correlated with the disruption of the 
ionic bridge between Glu268 (TM6) and Lys227 (TM5). This 
triggers loosening contacts between TM5 and TM6 and reorien-
tation of the Arg328 sidechain, which moves away from Thr274 
(TM6). After this series of molecular events, the Glu268-Lys227 
ionic bridge is established again. However, Arg328 remains in 
its newly adopted orientation, increasing the distance between 
TM6 and TM7 in comparison to both the initial configuration 
and the (R,R)-MNFen-β2-AR complex.

So far, the results described in this subsection concerned the 
comparison of the behavior of β2-AR complexes containing 
both stereoisomers of MNFen. To confirm the mechanism 
of changes in the intracellular part of the receptor suggested 
earlier, it is worth taking a closer look at the conformational 
reorganizations occurring in one of the studied systems, that 
is, the one containing (R,S)-MNFen. As mentioned above, this 
system exhibits a reorientation of the key methoxynaphthyl 
group, which, only after some time from the start of the sim-
ulation, shows interactions suspected to be the cause of fur-
ther conformational changes in the receptor. Therefore, it can 
be expected that before this key change, the conformation of 
intracellular fragments will resemble that characteristic of 
the complex with (R,R)-MNFen. To test this, we conducted 
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a time-dependent analysis of distances between the extreme 
intracellular fragments of all helices (excluding H8, giving a 
total of 21 individual pairs), and then examined which of these 
changes correlated most strongly with the changing confor-
mation of the methoxynaphthylphenyl group of (R,S)-MNFen 
(expressed by the value of the N-C1-C2-C3 torsion angle; see 
Figure  4). Furthermore, we also examined the analogous 
correlation between the value of the aforementioned torsion 
angle and the mutual orientation of TM1, TM2, and TM7 (see 
Figure 7B). The results are illustrated in Figure 7.

It was found that the absolute values of the correlation coef-
ficient (R) between the torsion angle values and the studied 
receptor conformation descriptors range widely, from 0.05 to 
0.68. The distances for which |R| > 0.3 include 7 cases, which 
are symbolically illustrated in Figure 7A. It should be noted 
that a negative correlation corresponds to an increase in the 
distance between domain fragments occurring with the irre-
versible conformational change of the ligand group, while a 
positive correlation corresponds to a decrease in such a dis-
tance. The cases with the highest correlations are illustrated 
in Figure  7C–E. The direction of the largest changes in the 
extracellular part, in terms of magnitude, is analogous to what 
was discussed earlier and concerns the distances between the 
fragments of TM5 and TM7, TM1 and TM6, TM6, and TM7, 
as well as TM1 and TM5; all these changes correspond to an 
increase in the distance between the analyzed receptor frag-
ments. Only the next two changes in terms of magnitude 
(distances for TM1-TM4 and TM2-TM4 pairs) correspond to 
a decrease in the respective values. From the qualitative anal-
ysis of changes presented in Figure 7A, it can be seen that a 
group of intracellular fragments of the TM1, TM2, and TM7 
domains moves closer to TM4 while simultaneously moving 
further away from TM5 and TM6.

The occurring changes not only involve a shift in the preferred 
mean distances between domains in the intracellular part, but 
also an alteration in the size of the conformational space ex-
plored by the system, as illustrated in Figure 8C–E. The range 
of sampled interdomain distances (in other words: the variance 
associated with the distribution of the respective values) is much 
larger for systems after the ligand's conformational change. It 
can thus be stated that the increase in the mean values discussed 
above is correlated with an increase in the conformational flex-
ibility of the respective fragments. The opposite situation (a de-
crease in flexibility) may occur in the case of domain fragments 
for which a decrease in distance was observed, but in this case, 
this rule does not always apply. (Qualitative data for individual 
cases are shown in Figure 8).

It is worth noting that the observed changes do not concern 
the distance between TM3 and TM6, which is often used as a 
descriptor for the activation process [31, 33, 64]; this variable, 
regardless of the stereoconfiguration of the bound ligand, corre-
sponds to the value characteristic of the active receptor.

The present results cannot be fully and directly compared to 
existing literature reports concerning the mechanism of biased 
signaling, which are usually reported in the context of G-protein 
bias vs. β-arrestin bias. Additionally, as noted earlier, the struc-
ture corresponding to the receptor in complex with Gi protein 

is not known, making it impossible to quantitatively compare 
the observed conformational changes with such a hypothetical 
structure. Nonetheless, in the context of general qualitative com-
parisons, it is worth observing that the observed changes differ 
from those distinguishing a G-biased conformation relative to 
the inactive conformation, specifically the outward shifts of TM6 
and TM7 in the intracellular domain [31]. In the present case, the 
characteristic distance between TM2 and TM7 is practically inde-
pendent of the type of bound ligand. The observed changes in the 
distances between domains also do not directly correlate with the 
conformation characteristic of β-arrestin binding, that is, the re-
duction in the distance between TM2 and TM7. However, a sim-
ilar change is the slight outward movement of TM6 [31], which 
correlates with a slightly greater compatibility of the structure 
induced by the binding of (R-S)-MNFen with the conformer that 
binds β-arrestin compared to the one binding Gs (see Figure 6).

In reference to the information from the study [31], it is worth 
noting that the changes in distances between domains, accord-
ing to the current results, are characteristic of Gi protein binding 
and correspond even more to an open conformation with a large 
intracellular cavity compared to conformers compatible with Gs 
protein and, to an even greater extent, β-arrestin.

It is also worth noting that we did not observe any inward move-
ments of TM6, which, on the other hand, were observed in simu-
lations of mutated receptors for systems theoretically compatible 
with both Gs and β-arrestin binding [32].

Regarding the descriptors describing the relative position of the 
helices (these were dihedral angles defined by quadruplets of 
fragments of neighboring helices belonging to both intracellular 
and extracellular parts), no such evident correlations were ob-
served as in the previously discussed case; the strongest correla-
tion (R = 0.302) is illustrated in Figure 8F. This indicates that the 
changes induced by the presence of a ligand with a given stereo-
chemistry do not involve the relative orientation of entire helices 
but only the position of their intracellular fragments.

All the changes described above may also translate into the 
conformation of the intracellular loops, as shown in refer-
ences [65–68] also play a significant role in the process of pro-
tein binding in the intracellular part of the receptor. While 
it can be assumed that shifts in the intracellular fragments 
of the domains may influence the conformation of the asso-
ciated loops and, thus, affect the binding of G proteins and 
arrestins, this effect is extremely difficult to model due to the 
fact that: (1) The timescale of loop-inherent conformational 
changes is large and may exceed the microsecond range; the 
timescale available within atomistic simulations is therefore 
insufficient to reliably sample the associated conformational 
equilibria. (2) Due to the significant mobility of the loops and 
the lack of experimental information on their dominant struc-
ture, additional assumptions must be made when modeling 
the initial conformation. This can be prone to error and serve 
as a source of additional bias in the simulations. Hence, in this 
study, we observe the possible connection between the con-
formational changes in the intracellular part of the receptor 
described above and the dynamic conformation of the loops, 
but we are unable to quantitatively determine the nature of 
this relationship.

 10970134, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/prot.26766 by Pcp/M

edical U
niversity O

f , W
iley O

nline L
ibrary on [08/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



14 of 17 Proteins: Structure, Function, and Bioinformatics, 2024

3.5   |   Coarse-Grained Simulations and Their 
Results

The main goal of the CG modeling was to verify the repro-
ducibility of the most significant results obtained from atomic 
simulations described in sections 3.2–3.4. At this stage of the re-
search, we relied on assumptions based on the results of atomic 
simulations, indicating the dependence of the conformations of 
selected molecular switches on the type (more specifically, the 
stereoconfiguration) of the ligand. Since modeling the confor-
mational changes of the receptor induced by the presence of a 
ligand at the CG level can be problematic or even impossible, 
the presence of a ligand with a given stereoconfiguration was 
implicitly represented through appropriate constraints intro-
duced into the model. Specifically, the values were provided in 
the Methods section, and the conformations resulting from the 
constraints are illustrated in Figure 8. Furthermore, the Martini 
3 force field, with higher-order structures modeled using the 
GōMartini approach, allows at least a partial representation of 
the natural changes in protein conformations.

The analysis of the CG simulations included determining the 
average distances between the intracellular ends of the trans-
membrane domains, limited to six combinations corresponding 
to those pairs of domains that were identified based on atomic 
simulations as being most susceptible to changes in mutual 
positioning dependent on the ligand's stereoconfiguration (see 
Figures 7 and 8C–E).

The results are illustrated in Figure 8D, whereas Figure 8C in-
cludes the analogous data from atomic simulations correspond-
ing to the trajectories of the receptor complex with (R,R)-MNFen 
(the entire trajectory) and (R,S)-MNFen (the trajectory from the 
time of reorientation of the methoxynaphthyl group). Regardless 
of the resolution of the model used in the simulations, the changes 
in average distances between the domain fragments are not large 
and are approximately equal to 0.1–0.2 nm. The standard devi-
ation values (corresponding to the magnitude of fluctuation of 
a given conformational descriptor) are always increased in the 
case of (R,R)-MNFen-containing complex in comparison to the 
(R,S)-MNFen-one; this is in line with observations made in pre-
vious section. Additionally, it is worth noting the similar values 
obtained from atomic and CG simulations, which serve as addi-
tional validation of the latter model and confirm that it can accu-
rately represent the structure of the receptor, including the spatial 
relationships between the domains. The most important observa-
tion from this stage of the research is the qualitative (and largely 
quantitative) agreement in the trends of changes in the intracellu-
lar fragments of the receptor induced by the presence of a ligand 
with a given stereoconfiguration, for both the atomic and CG 
models. In particular, these changes are consistent in direction 
with those illustrated in Figure 7 and, for the distances between 
pairs TM5 and TM7, in Figure 5E. The differences between the 
predictions of both models are illustrated in Figure 8E.

The high degree of agreement between the predictions of the two 
independent models, operating at different levels of resolution, 
validates the results described in the previous section and also 
provides insight into the mechanism of allosteric communica-
tion. Namely, since the CG model is able to reproduce the same 
effect as the atomic model, the most likely mechanism of signal 

propagation involves alterations in the interaction strength be-
tween TM7 and TM1, as well as between the ligand and TM1 
and TM2. According to the mechanistic aspects of β2-AR (and 
other GPCRs) activation, stronger, attractive interactions within 
the extracellular part result in the expansion of the receptor 
structure in the intracellular part. A similar effect, albeit on a 
significantly smaller scale, is observed in the current studies.

3.6   |   Comparison With the Structural Data

In addition to the above-described analysis of MD simulation 
results, we also investigated all available experimentally re-
solved structures of the β2-AR receptor in the PDB database. 
The analysis primarily focused on the conformational states of 
the Trp313 residue and the Lys305-Asp192 ionic lock. Out of 42 
available structures, only 2 exhibit configurations of the side 
chain of Trp313 that are different from the default. These are 
PDB: 3KJ6 and PDB: 7DHR, corresponding to the inactive and 
active conformations of the receptor, respectively. In the case 
of structure 3KJN, the Trp313 rotamer shows a dihedral angle 
N-Cα-Cβ-Cγ value of approximately 170°, close to that observed 
in simulations of the β2-AR-(R,R)-MNFen complex and clearly 
corresponding to the same rotameric state. However, this struc-
ture does not contain the ligand molecule (as well as the entire 
extracellular part of the receptor), allowing the investigation of 
potential ligand-Trp313 interactions responsible for the different 
conformation of the considered side chain.

On the other hand, for structure 7DHR, a different rotameric 
state of Trp313 can be observed, distinct from those observed 
in simulations and other experimental structures, characterized 
by a changed rotation around the Cβ-Cγ bond. Unfortunately, for 
both of these structures, receptor parts containing the complete 
structure of the Lys305-Asp192 ionic lock are not available, pre-
venting the assessment of whether the altered rotameric state of 
Trp313 correlates with the state of the ionic lock.

As indicated by the current results, conformational changes in 
both the intracellular and extracellular parts depend, among 
other factors, on the ligand's contact with residues on TM2. In 
terms of the possibility of such contact, the ligand (R,S)-MNFen 
is unique compared to the ligands present in the crystallized 
structures of β2-AR. Specifically, due to the large size of the 
relevant substituent, its possible rotation, and inherent confor-
mational properties, (R,S)-MNFen is the only one capable of 
exhibiting close contact with residues on TM2, including Ile94 
(with a distance from Cα of about 0.5 nm) and Gly90 (0.4 nm). 
Excluding the two cases of ligands designed to form a covalent 
bond with mutated residues on TM2 (PDB: 3PDS and PDB: 
4QKX), none of the other molecules present in the binding pock-
ets of β2-AR come close to these values. The corresponding dis-
tances typically range from 0.7 to 0.9 nm, and these fragments of 
the system do not show direct contact.

In reference to the above observations, it can also be speculated 
that the low number of alternative conformers of the Trp313 side 
chain (linked in this study to Gi-biased signaling) is related to 
the unavailability of receptor structures bound to the Gi protein. 
The available structures only contain the Gs protein, arrestin, 
other proteins, or are in an unbound state.
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Examination of all 42 β2-AR receptor structures confirms that 
the ionic lock exhibits much greater conformational variability 
compared to Trp313. 13 of these structures show no direct con-
tact between the sidechains of Lys305 and Asp192 (e.g., PDB: 
6KR8 [all substructures], 6MXT, 5X7D, 3SN6, or 3P0G), mostly 
due to the flexible side chain of Lys305 interacting with ligands, 
similar to the effect observed in current simulations. However, 
it is worth noting that not all structures have parts that are ele-
ments of the examined ionic lock.

In addition to the analysis of conformational states, it is note-
worthy that the side chain of Trp313 may serve as a binding 
site for unsaturated aliphatic compounds present in the lipid 
membrane, as suggested by structures such as 4LDL, 4LDE, 
4QKX, or 6 N48, containing enoate compounds interacting with 
the aromatic ring of Trp313 (in the most common orientation) 
through CH-π and/or π-π interactions. Furthermore, accord-
ing to simulation results reported in ref. [69], Trp313 may also 
participate in binding cholesterol molecules between TM1 and 
TM7. Although such interactions were not considered in the 
current simulations, it should be emphasized that they may be 
relevant in the broader context of Trp313 conformation and its 
impact on biased agonism.

4   |   Conclusions

We have performed long (1 μs-long) molecular dynamics (MD) 
simulations of β2-AR in complex with two different stereoiso-
mers of methoxynaphtyl fenoterol (MNFen). The motivation 
was the experimentally observed phenomenon called the biased 
agonism [4–8] and associated with preferential activation of a 
Gs- or β-arrestin-mediated signaling pathway through β2-AR. 
The current study relies on (R,R)-MNFen and (R,S)-MNFen, 
that is, a pair of compounds of extremely similar molecular 
structure, differing only by stereoconfiguration of a single chi-
ral centre. Yet, they still produce qualitatively different cellular 
responses [70]. The selection of these ligands provides an op-
portunity to explore the molecular underpinnings of biased ag-
onism, minimizing the influence of other potentially significant 
factors associated with the molecular characteristics of a given 
ligand, which, upon incorporation into the molecular model, 
could impact the observed activation process. The unbiased 
MD simulations revealed slightly different interaction patterns 
of the two considered stereoisomers with binding cavity. The 
presence of (R,S)-MNFen induced several shifts in conforma-
tional dynamics of selected sidechains. The most substantial 
ones include the change of the rotameric state of the Trp313 
sidechain and disturbed equilibria in the Lys305-Asp192 ionic 
lock. These changes propagate toward the intracellular part of 
β2-AR, where they trigger structural response different to that 
observed in the case of (R,R)-MNFen-bound receptor. In gen-
eral, the presence of (R,S)-MNFen stabilizes the conformation 
of extracellular parts of the receptor and increases the confor-
mational heterogeneity of the intracellular fragments, whereas 
the effect induced by (R,R)-MNFen is opposite. Changes in the 
structure of the intracellular fragments of the transmembrane 
domains indicate an increase in the distance between TM1 and 
TM5, TM5 and TM7, and TM6 and TM7 (of magnitude of ca. 
0.2 nm), while there is a slighter distance decrease between the 
TM1 and TM4, as well as TM2 and TM4 domains. As confirmed 

in independent simulations at CG resolution, these changes are 
associated with the interaction of the ligand with Trp313 and a 
series of other residues on TM1. The dynamic structure of the 
intracellular regions is closer to both the “Gs-compatible” and 
“β-arrestin-compatible” ones (defined by the PDB:3SN6 and 
PDB:6NI3, respectively) in the case of (R,R)-MNFen-containing 
complex; however, both (R,R)-MNFen and (R,S)-MNFen in-
duce structural responses equally distance from the inactive 
conformation (defined by PDB:2RH1). In summary, the pre-
sented results point out the possible role of Trp313 as well as 
the Lys305-Asp192 ionic bridge in the ligand-induced structural 
basis of the biased agonism phenomenon.
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