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binding sites in both β2-AR states revealed the importance 
of the aromatic residues F194, H932.64, H2966.58, and H178 
(extracellular part of β2-AR) in the early stages of the bind-
ing process. In addition, slightly different exit and entry 
paths are preferred by the ligand molecule in the extracel-
lular part of β2-AR, depending on the conformation of the 
receptor.
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binding · Umbrella sampling · Free energy profiles · 
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Introduction

G protein-coupled receptors (GPCRs) are a family of 
seven-transmembrane receptors that, upon activation by 
extracellular signals, couple with trimeric G proteins or 
β-arrestins to transduce signals from the cellular environ-
ment into the cell. GPCRs are activated by a variety of spe-
cies ranging from photons to small-molecular-weight mol-
ecules and peptides. The β2 adrenergic receptor (β2-AR) is 
a well-studied GPCR that mediates natural responses to the 
catecholamine hormones adrenaline and noradrenaline. It is 
crucial for physiological regulation of cardiovascular and 
pulmonary functions. β2-AR, similar to other GPCRs, con-
sists of seven-transmembrane α-helices (TMs I–VII) con-
nected by three extracellular (ECLs I–III) and three intra-
cellular (ICLs I–III) loops, with an extracellular N-terminus 
and an intracellular C-terminus (Rosenbaum et al. 2009).

The interactions between β2-AR and ligands, and the 
mechanism of receptor activation have been intensively 
studied (Bai et al. 2013; Cherezov et al. 2007; Rasmus-
sen et al. 2011a, b; Ring et al. 2013; Staus et al. 2014; Kim 
et al. 2013; Zocher et al. 2012; Deupi et al. 2012; Yao et al. 

Abstract The β2-adrenergic receptor (β2-AR), a G pro-
tein-coupled receptor (GPCR), is a physiologically impor-
tant transmembrane protein that is a target for drugs used 
for treatment of asthma and cardiovascular diseases. Study 
of the first steps of ligand recognition and the molecular 
basis of ligand binding to the orthosteric site is essential 
for understanding the pharmacological properties of the 
receptor. In this work we investigated the characteristic 
features of the agonist association–dissociation process to 
and from the different conformational forms of β2-AR by 
use of advanced molecular modeling techniques. The inves-
tigation was focused on estimating the free energy pro-
files (FEPs) corresponding to the process of a full agonist 
((R,R)-fenoterol) and an inverse agonist (carazolol) binding 
and unbinding to and from β2-AR. The two different con-
formational forms of β2-AR, i.e. active β2-AR–PDB: 3P0G 
and inactive β2-AR–PDB: 2RH1 were included in this stage 
of the study. We revealed several significant qualitative dif-
ferences between FEPs characteristic of both conforma-
tional forms. Both FEPs suggest the existence of three tran-
sient binding sites in the extracellular domain of β2-AR. 
Comparison of the residues surrounding these transient 
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2006). Analysis of the ligand-binding region of β2-AR on 
the basis of recently solved high-resolution crystal struc-
tures revealed several highly conserved amino acids that 
might be involved in ligand binding. β2-AR interacts with 
a very diverse set of ligands which bind to the TM III, TM 
V, TM VI, and TM VII regions. The orthosteric binding site 
of β2-AR, which is the site of action of endogenous cat-
echolamines, is highly conserved (Ring et al. 2013; Swami-
nath et al. 2005). The transmembrane part of β2-AR binds 
ligands and transduces this information to the intracellular 
region of the receptor that interacts with cytosolic signal-
ing proteins. The activated GPCR stimulates the G proteins 
involved in the first step in the GPCR signaling cascade 
(Gether 2000). This event is accompanied by dynamic con-
formational changes in both a receptor and G proteins on a 
millisecond timescale. Nygaard et al. (2013) revealed the 
dynamic nature of GPCRs along the activation pathway 
by NMR experiments combined with long-term molecular 
dynamics (MD) simulations. Different active state confor-
mations of GPCRs can be stabilized by different agonists, 
which results in their association with different downstream 
signaling molecules (Bokoch et al. 2010; Ghanouni et al. 
2001; Kobilka and Deupi 2007; Seifert et al. 2001; Swami-
nath et al. 2004. Although the crystal structures of β2-AR 
provided significant insight into the structure of GPCRs 
and into the molecular details of interactions with different 
ligands, the global dynamics of the protein that lead to its 
activation and the functions of its extracellular sites have 
only been investigated more recently (Zhang et al. 2010; 
González et al. 2011). Apart from the involvement of the 
TM domains in ligand binding, it is supposed that the ECLs 
of β2-AR can also contribute to this process. In addition, the 
extracellular region modulates ligand access to the binding 
cavity. Although smaller molecules bind to the orthosteric 
binding site located in the TM domain, to reach the binding 
site they must also interact with the extracellular regions. 
Recent NMR studies have indicated that agonists induce 
conformational changes in the extracellular domain of β2-
AR, especially in the second extracellular loop (ECL II) 
(Bokoch et al. 2010). Understanding the molecular basis 
of ligand–GPCR interactions in the extracellular surface 
is important, because they are implicated in ligand binding 
(Gkountelias et al. 2009), allosterism (Avlani et al. 2007), 
ligand specificity (Samson et al. 1997), and the receptor-
activation process (Klco et al. 2005; Scarselli et al. 2007).

We have previously conducted long-term studies on 
the interactions of a full and selective agonist, fenoterol 
(Fig. 1a) and its derivatives with β2-AR. During these 
experimental studies we examined the binding of agonists 
(fenoterol analogs) to the different conformations of β2-
AR, stabilized either by the agonist [3H](R,R)-methoxy-
fenoterol or by the antagonist [3H]CGP-12177 (Toll et al. 
2012). The radioligand binding assay indicated that the 
agonist can bind to the active and inactive conformation of 
the receptor but has higher binding affinity for the β2-AR 
conformation stabilized by the agonist (active state) than 
for the conformation stabilized by the antagonist (inac-
tive state). The process of antagonist displacement can 
affect both the orthosteric and other binding sites of β2-AR. 
Because [3H]CGP-12177, used as the radioligand marker, 
binds at two sites of the receptor (Joseph et al. 2004), it 
is not clear which site or sites of β2-AR interact with this 
antagonist or how these interactions affect identification 
and characterization of other β2-AR agonists. Moreover, 
kinetic studies performed by use of the same radioligand 
markers (i.e. [3H]-CGP-12177 and [3H](R,R)-methoxy-
fenoterol) revealed significant differences between the 
thermodynamic characteristics of binding of the fenoterol 
stereoisomers to different conformations of β2-AR (Toll 
et al. 2012). Subsequent molecular simulations confirmed 
experimentally determined thermodynamic data for bind-
ing (∆G0, ∆H0, ∆S0) and showed that structurally similar 
compounds (stereoisomers of fenoterol), the full agonists 
of β2-AR, bind to the inactive and active conformational 
states of β2-AR with different affinities and thermodynamic 
data (Jozwiak et al. 2010; Toll et al. 2012; Plazinska et al. 
2014).

In these theoretical studies (docking, MD simulations) 
the two different high-resolution X-ray structures of β2-AR 
were used to investigate molecular interactions between 
β2-AR and fenoterol analogues. One was co-crystalized in 
the complex with an inverse agonist, (S)-carazolol (PDB: 
2RH1) (Cherezov et al. 2007). This structure reveals a con-
served mode of binding of antagonist and inverse agonists 
(Wacker et al. 2010) and is believed to be the inactive state 
of the receptor (Dror et al. 2011). The second structure, the 
active conformation, was co-crystalized with the agonist, 
BI-167107, and with camelid Nb80 nanobody mimicking 
G protein interactions with the intracellular interface of β2-
AR (PDB: 3P0G) (Rasmussen et al. 2011a). This structure 

Fig. 1  Chemical structures 
of (R,R)-fenoterol (a) and (S)-
carazolol (b)
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undergoes outward movement (approx 11 Å) of the cyto-
plasmic end of TM VI and rearrangement of TM V and 
TM VII, and strongly resembles that reported for opsin, 
an active form of a rhodopsin (Rasmussen et al. 2011a). 
Docking studies indicated that all of the fenoterol deriva-
tives bind to the orthosteric site of β2-AR, and their pattern 
of the interaction is very similar to that of the BI-167107 
molecule originally co-crystallized with β2-AR (active con-
formation). The 3,5-dihydroxyphenyl group of fenoterol 
(Fig. 1a) interacts with serines located on TM V: S2035.42, 
S2045.43, S20 5.46 (superscript numbers correspond to the 
general numbering scheme of Ballesteros and Weinstein 
(1995)), which are involved in binding the agonist (Ring 
et al. 2013), inverse agonist (Cherezov et al. 2007), and 
antagonist (Wacker et al. 2010). The protonated amine 
group of the ligand creates the ionic bridge with the car-
boxyl group of D1133.32 (TM III) (Kolinski et al. 2012; 
Plazinska et al. 2013, 2014), by analogy with such endog-
enous agonist molecules as adrenaline (Ring et al. 2013). 
However, docking and MD simulations revealed different 
binding of fenoterol to the active and inactive states which 
result from the receptor crystal structures, especially from 
different distances between TM V, TM VI, and TM VII. 
The amine group of fenoterol can form a hydrogen bond 
with N3127.39 (TM VII) only of the active state of β2-AR. 
The fenoterol molecule does not interact simultaneously 
with S204, S203, S207 (TM V), and N3127.39 (TM VII) 
of the inactive conformation of β2-AR. Movement of TM 
V toward TM VI on agonist activation enables interac-
tion between the agonist (fenoterol) and serines of TM V 
and N3127.39 (Plazinska et al. 2013). The position of the 
p-hydroxyphenyl group depends on the conformation of β2-
AR. It can form hydrogen bonds with:

1. residues of the second extracellular loop (ECL II) 
(C191, D192);

2. T1103.29 (TM III); or
3. residues of TMVII (K3057.32, Y3087.35 or W3137.40).

The most significant difference between fenoterol 
derivatives bound to the two conformers of β2-AR is the 
hydrogen bonding contacts with K3057.32. Fenoterol can 
for hydrogen bonds with K3057.32 in the active conformer 
only. On the basis of previous computational studies we 
proposed that extension of the orthosteric site, located in 
the extracellular part of β2-AR and containing the TM VII 
(K305) and ECL II (C191, D192, F193) residues, is impor-
tant in ligand binding (Plazinska et al. 2013). It has also 
been confirmed experimentally that Y3087.35 (TM VII) 
forms a hydrogen bond with an acceptor atom (oxygen) in 
the p-position of the fenoterol molecule (Woo et al. 2014).

Although much attention has been devoted to the nature 
of ligand–receptor interactions in the equilibrium structure 

and to the molecular mechanisms of receptor activation, 
the ligand association–dissociation process remains unre-
solved. The global dynamics of the receptor that lead to 
its activation and the free energy profile of ligand dissocia-
tion have been investigated more recently in computational 
studies (Nygaard et al. 2013; Dror et al. 2011; González 
et al. 2011). González et al. (2011) used the steered MD 
simulation to describe, in atomic detail, the process of 
unbinding of the two inverse agonists cyanopindolol and 
carazolol, which have recently been co-crystallized with 
the β1-AR and β2-AR subtypes. Their results indicated that 
cyanopindolol and carazolol gain access to the orthosteric 
binding site of β-AR from the extracellular environment. 
The forces and energies from simulation of the dissociation 
process also suggested the presence of intermediate binding 
sites located in the ECL II, ECL III, and TM VII regions, 
where ligands are transiently retained by electrostatic and 
van der Waals interactions. These binding sites were estab-
lished by study of non-conserved electrostatic interactions 
and conserved aromatic contacts in the early stages of the 
binding process (González et al. 2011).

While acknowledging that the processes involved in 
ligand dissociation from β2-AR and β1-AR have been stud-
ied (González et al. 2011), one must note that possible dif-
ferences between patterns of dissociation from the active 
and inactive forms of β2-AR are still unknown.

In this paper we describe a computational study which 
provides insight into agonist molecule association–disso-
ciation with and from β2-AR in its active (β2-AR co-crys-
tallized with the agonist, PDB: 3P0G) (Rasmussen et al. 
2011a) and inactive conformational states (β2-AR co-crys-
tallized with the inverse agonist (carazolol) PDB: 2RH1) 
(Cherezov et al. 2007). To investigate the configurational 
space of the receptor, and to surmount the different free 
energy barriers, we used the umbrella sampling (US) tech-
nique (Torrie and Valleau 1977), which enables recovery of 
the free energy profile (FEP) along the chosen coordinate. 
US has been successfully applied in studies of association–
dissociation reactions of several small-molecule–protein 
complexes, in particular the interactions and free energy 
characteristics of ligand–protein complexes (Mascaren-
has and Kästner 2013; Higo et al. 2012). The main objec-
tive of our study was to estimate and interpret the FEPs 
related to binding and unbinding of an agonist molecule 
((R,R)-fenoterol), Fig. 1a, to and from β2-AR by taking 
into account that β2-AR can adopt distinct conformational 
forms (i.e. active and inactive states). The resulting FEPs 
were subjected to analysis revealing the main types of the 
ligand–receptor interaction responsible for the selected, 
characteristic regions of the given FEP. Next, we compared 
the data with results obtained for dissociation of an inverse 
agonist, (S)-carazolol (Fig. 1b), bound to the inactive con-
former of β2-AR.
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The system containing the agonist (fenoterol) molecule 
complexed with the inactive conformational state of β2-AR 
is introduced to reflect the physical process of inserting the 
agonist molecule into the binding cavity of β2-AR which 
is not yet activated (the inactive conformer dominates 
in the absence of the agonist ligand (Toll et al. 2012)). In 
the equilibrated β2-AR–agonist system the logical choice 
would be use of the active conformational form of the 
receptor which corresponds to the energy minimum of the 
system. This study, however, focused on association–dis-
sociation processes far from the equilibrium states of the 
β2-AR–agonist complexes; thus, binding of fenoterol to the 
inactive conformational form of β2-AR is possible and can 
be regarded as one of the steps leading, eventually, to the 
full activation process.

Methods

Modeling of the ligand–receptor complexes

β2-AR in its inactive and active states was modeled on the 
basis of the crystal structure of human β2–AR–T4 lysozyme 
fusion protein (PDB: 2RH1) (Cherezov et al. 2007) and the 
structure of a nanobody-stabilized active state of the β2-AR 
(PDB: 3P0G) (Rasmussen et al. 2011a), respectively. A single 
palmitoyl chain was added to C341 at the end of the cytoplas-
mic helix VIII (for both structures). The Automated Topology 
Builder server (Canzar et al. 2013; Koziara et al. 2014) was 
used to obtain the ligand structures (carazolol or fenoterol) 
and the GROMOS force field parameters for MD simulation. 
The initial positions of the fenoterol molecule were deter-
mined on the basis of our previous docking study (Plazinska 
et al. 2013) and are in accordance with the general pattern of 
fenoterol–β2-AR interactions described in the “Introduction”. 
Note that the fenoterol molecules docked to the binding site 
of β2-AR interact with the same amino residues as (S)-caraz-
olol and BI-167107 co-crystallized with β2-AR in its inactive 
and active conformations, respectively. (Figs. SI1 and SI2; 
Supporting Information). The initial position of the carazolol 
molecule corresponded to the crystal structure of β2-AR co-
crystallized with carazolol (PDB: 2RH1).

The two β2–AR models obtained (In_β2-AR, represent-
ing the inactive state, and Ac_β2-AR, representing the active 
state) with bound ligands were inserted into an equilibrated 
palmitoyl–oleoyl–phosphatidylcholine (POPC) cell-mem-
brane model by use of the InflateGro procedure (http://
www.csb.bit.uni-bonn.de/inflategro.html) and solvated 
with ~16,300 simple point charge (SPC) (Berendsen et al. 
1981; Van Der Spoel, et al. 1998) water molecules and two 
sodium ions to neutralize the total charge. Before the solva-
tion, the ligand molecule ((R,R)-fenoterol) was inserted into 
the binding cavity of each of the considered proteins.

Molecular dynamics

Energy minimization was conducted by applying 2000 
steps of the steepest descent algorithm followed by 2000 
steps of the l-bfgs algorithm. The four-step MD simulation 
then was performed with position restraints on the selected 
atoms (e.g. protein backbone). Finally, unconstrained 
MD simulation of each type of (R,R′)-fenoterol-β2-AR 
complexes was performed, lasting up to 100 ns. The final 
frames of these MD runs were used for subsequent ligand-
pulling simulations (Supporting Information, Fig. SI3).

The simulations were conducted using the GROMOS 
53a6 force field (Oostenbrink et al. 2004) including addi-
tional parameters for POPC molecules taken from Kukol 
(2009). The GROMACS 4.53 package (van Der Spoel et al. 
2005) was used for all stages of MD simulations.

The PME method with a 0.9 nm cutoff (Darden et al. 
1993) was used for treatment of long-range electrostatic 
interactions. The cutoff for Lennard–Jones interactions 
was 1.4 nm. These values are required for proper POPC 
bilayer simulation. The equations of motion were inte-
grated by use of the leapfrog scheme (Thomas and Roe 
1993) with a timestep of 2 fs. During the MD runs, the 
LINCS algorithm (Hess et al. 1997) was used to constrain 
all hydrogen atom-containing bond lengths. The simula-
tions were performed under periodic boundary conditions 
based on rectangular computational boxes (initial dimen-
sions 7.22 × 7.22 × 13.12 nm3). The temperature was 
maintained close to its reference value (310 K) by applying 
the V-rescale thermostat (Berendsen et al. 1984) whereas 
for constant pressure (1 atm, isotropic coordinate scaling) 
the Parrinello–Rahman barostat was used with a relaxa-
tion time of 0.4 ps (Parrinello and Rahman, 1980; 1981). 
Motion of the center of mass was removed every step (sep-
arately for the groups: solvent + ions, protein + ligand, 
lipid bilayer). The coordinates and the protein–ligand dis-
tances, and the corresponding forces (during US simula-
tions) were saved to file every 2 ps for subsequent analysis.

Methods of enhanced sampling

The free energy profiles (FEPs) corresponding to asso-
ciation–dissociation of the ligand to and from the binding 
cavity were calculated for the (R,R)-fenoterol–Ac_β2-AR 
and (R,R)-fenoterol–In_β2-AR complexes by applying 
the US procedure. The distance between the centers of 
masses of ligand and protein (z) was accepted as the coor-
dinate describing the binding–unbinding process. During 
the first step (pulling simulations) the force was applied 
to the ligand center of mass to obtain the constant veloc-
ity (0.0025 nm/ps) of ligand dissociation. The vector of the 
force was chosen in such a way as to ensure that the ligand 
dissociation path will be (approximately) in accordance 

http://www.csb.bit.uni-bonn.de/inflategro.html
http://www.csb.bit.uni-bonn.de/inflategro.html
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with the most likely path (channel C1, Fig. SI4) identi-
fied by González et al. (2011). In the next step selected 
frames were extracted from the resulting trajectories and 
accepted as starting points for the subsequent US proce-
dure. The frames were selected to reflect the increasing 
value of z with its approximate increment of 0.1 nm and 
approximate initial and final values of ~2 nm (ligand fully 
bound) and ~5 nm (ligand outside the binding cavity). This 
resulted in 31 independent US simulations for each sys-
tem studied. During the US runs, each lasting 40 ns, the 
distance between the ligand and the protein was restrained 
to its initial value by using the so-called umbrella poten-
tial with the force constant at 5000 kJ/mol/nm2. The FEP 
curves were calculated by using the WHAM (weighted his-
tograms analysis method) procedure (Kumar et al. 1992) 
as implemented in the g_wham tool of GROMACS. The 
FEP-related error bars were estimated by the bootstrapping 
method also implemented in g_wham with the tolerance 
10−6 and number of bins and bootstraps equal to 200 and 
100, respectively.

Results and discussion

Analysis of the association–dissociation profiles

We start with remarks on physical interpretation of the 
calculated FEPs. The process studied here and reflected 
by the course of the free energy profiles is referred to as 
“association–dissociation”. The reason for this is that the 
US approach assumes the full equilibration of the biased 
MD simulations performed separately for each US win-
dow. Thus, in theory, one cannot distinguish between the 
association and dissociation processes on the basis of FEP 
expressed in terms of the accepted reaction coordinate 
(ligand–receptor distance), because this coordinate can 
describe both association and dissociation. In other words, 
the calculated profiles do not contain the dynamic (or 

kinetic) information and all the “non-equilibrium features” 
of the initial trajectory used to generate the US frames are 
assumed to be lost during 40-ns sampling.

Plots of FEP as a function of protein–ligand distance (z) 
are depicted in Fig. 2.

Differences between the global minimum (correspond-
ing to the ligand located in the binding cavity) and the 
“plateau” region (corresponding to the ligand in the bulk 
solution, outside the receptor) for considered FEPs both 
were larger than those expected on the basis of experi-
mental data (Jozwiak et al. 2010; Toll et al. 2012). Recent 
results (Plazinska et al. 2014) obtained for the fenoterol–
β2-AR system which were in a good agreement with avail-
able thermodynamic data confirm that inaccuracies inher-
ent in the force field and the initial location of the ligand 
were rather small. We therefore speculated that repulsive 
interactions between the N-terminus region and the ligand 
molecule (both bear a positive charge) cause the increase 
of the free energy. It is supposed that after dissociation of 
the ligand from the binding cavity, pulling it a sufficiently 
large distance further from the binding channel would 
result in a decrease of the free energy (which would then 
represent only ligand–solvent interactions). Although for 
the maximum value of the reaction coordinate the ligand 
is outside the binding cavity (i.e. there is no direct ligand–
receptor contact) it can still interact strongly (mainly elec-
trostatically) with the receptor, which affects the FEP val-
ues. Moving the ligand further from β2-AR will result in 
screening of the unfavorable interactions and reduction of 
the FEP. Consequently, the actual difference between the 
FEP global minimum and the characteristic FEP region for 
the ligand not interacting with β2-AR will be smaller and 
closer to the actual binding free energy.

Furthermore, because of the approximate course of the 
FEP curves, it is hard to define the exact “plateau”. The 
“oscillating” character of FEPs observed for larger values 
of the coordinate is most likely caused by interaction of 
the ligand with more flexible parts of the protein, e.g. the 

Fig. 2  Calculated free energy profiles characteristic of the process of 
binding–unbinding of (R,R)-fenoterol and carazolol to and from the 
β2-AR binding cavity. The profiles correspond to: a In_β2-AR–cara-

zolol, b In_β2-AR–fenoterol and c Ac_β2-AR–fenoterol complexes. 
Error bars were calculated by use of the bootstrapping method
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N-terminus region and extracellular loops; the timescale 
of this movement may be too large to enable a perfectly 
smooth curve to be obtained during 40 ns of sampling. (The 
importance of the N-terminus region is discussed in the sec-
tion “Carazolol–In_β2-AR complex”). For this reason, we 
analyzed in detail only parts of the calculated profiles (up 
to z = 3.25–3.5 nm). In both cases the global minima can 
be associated with the ligand–receptor complexes studied 
during the previous step of the investigation (i.e. during the 
unconstrained MD simulations). This observation confirms 
the correctness of the initial structures obtained from the 
docking studies. First, let us notice that the minimum values 
of the accepted coordinate (z) differ for complexes involving 
Ac_β2-AR and In_β2-AR. This is caused both by the differ-
ent conformational forms of Ac_β2-AR and In_β2-AR, which 
affect the optimum ligand–protein distances (expressed rela-
tive to their centers of masses) and the favorable position of 
the ligand, which, for Ac_β2-AR, is slightly shifted toward 
the extracellular part of the receptor; despite this shift, for 
both cases the spatial orientations of the ligand molecules 
in the binding cavity are very similar to each other. In both 
cases the 3,5-dihydroxyphenyl group is directed toward TM 
V and TM VI and the amine group of the ligand interacts 
with D1133.32 (TM III) whereas the p-hydroxyphenyl group 
is directed toward TM VII or ECL II.

For the Ac_β2-AR–fenoterol complex, the energy bar-
rier between the global and first local minimum is higher by 
a factor of 4 (43 kJ/mol) than that observed for the In_β2-
AR–fenoterol system (10 kJ/mol). This seems to confirm 
experimental studies indicating that the agonist molecule 
binds more strongly to β2-AR in its active conformation than 
to β2-AR in the inactive conformation (Toll et al. 2012). The 
affinity of (R,R)-fenoterol for the active conformer of β2-AR 
is 86 times higher than that for the inactive conformer (Ki.

Ac_β2-AR = 4 nM, Ki,In_β2-AR = 345 nM) (Toll et al. 2012). For 
In_β2-AR, dissociation of fenoterol from the global to the 
local minimum of the FEP is a gradual process. In contrast 
with this, a sudden increase of the FEP slope at a distance 
between the global and first local minimum is observed for 
the Ac_β2-AR–fenoterol system. In this particular case, addi-
tional energy is required to disrupt:

1. the “ionic lock” created between the amine group of 
the ligand and the carboxyl group of D1133.32; and

2. hydrogen bonds involving, e.g., N3127.39 (Ac_β2-AR), 
W2866.48 (In_β2-AR), and D192, K3057.32 (both con-
formations of the receptor).

On the basis of the results obtained, we speculate that 
the most important difference between interaction of 
fenoterol with the active and inactive conformations of β2-
AR is connected with hydrogen bonds created by the pro-
tonated amine and β-OH groups of the ligand and N3127.39. 

These interactions are present when the ligand is bound to 
active β2-AR but absent from the fenoterol–In_β2-AR com-
plex. The above-mentioned hydrogen bonds break when 
the ligand leaves the favorable position in the binding cav-
ity; this is accompanied by a shift on the FEP plot (from 
the global minimum to the first local minimum). This pro-
cess causes the larger free energy change and the higher 
energy barrier between the global and first local minimum 
observed for the Ac_β2-AR conformer in comparison with 
the In_β2-AR conformer.

Below, in the section “Carazolol–In_β2-AR complex”, 
selected characteristic points on the FEP plots and the 
states corresponding to them are briefly characterized. We 
also describe the FEP calculated for the carazolol–In_β2-
AR complex and compare the results with those reported 
elsewhere (González et al. 2011). The receptor–ligand 
contact maps corresponding to the selected regions of the 
FEP plots are shown in the Supporting Information (Figs. 
SI5–SI7).

Global minima on the FEP plots

The global minima of both considered FEPs reflect quite 
different ligand–protein interaction patterns. In each case, 
however, the ligand position and the interaction pattern 
created by the characteristic groups of the ligand are con-
served relative to the initial structures used in the pull-
ing simulations. In addition, the positions of fenoterol in 
the global minima are very similar to the positions of the 
ligand co-crystallized with β2-AR (PDB: 2RH1 and 3P0G) 
(Fig. SI8). Figure 3 shows the characteristic positions of 
the (R,R)-fenoterol molecule in the binding cavities of Ac_
β2-AR and In_β2-AR; both cases correspond to the global 
minima on the corresponding FEP plot. The main type of 
attractive interaction, common to both systems, is the ionic 
bridge between the protonated amine group of the ligand 
and carboxyl group of D1133.32. Interestingly, this interac-
tion occurs only at the global minimum and is disrupted 
during further steps of the ligand-dissociation process 
(Table 1).

In the most favorable interaction pattern in the fenoterol–
Ac_β2-AR complex, the amine group of the ligand is 
located between TM III and TM VI and can interact simul-
taneously with both D1133.32 and N3127.39 by salt bridge 
and hydrogen bonding (HB), respectively. The remaining 
interactions are mainly of HB-type and include:

1. HB between the 3,5-dihydroxyphenyl group of the 
ligand and both T195 and F193 (carbonyl oxygen 
atoms of the protein backbone);

2. HB between the p-hydroxyphenyl group (ligand) and 
the side chain of D192 (ECL II) or K305 (TM VII) or 
H932.64 (TM II); and
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3. HB between the β-hydroxyl group (β-OH) of the 
ligand and the side chain of N2936.55 (TM VI) or 
N3127.39.

β-OH–D113 hydrogen bonding is also possible but 
infrequent. Moreover, interaction of the ligand with D113 
causes disruption of HB between β-OH and N2936.55. 
Lack of stable HB with the serines of TM V was observed. 
The distance between one of the hydroxyl groups of the 
3,5-dihydroxyphenyl and S2035.42 is ~4–5 Å, and the con-
tribution of the water molecule is essential for water-medi-
ated HB with S203.

For the ligand–In_β2-AR complex the network of HB 
in the structure corresponding to the FEP global minimum 
is substantially different than that observed for the ligand–
Ac_β2-AR complex. Interestingly, the ligand molecule 
bends relative to its main chain and the 3,5-dihydroxyphe-
nyl group becomes closer to TM VI. The 3,5-dihydroxy-
phenyl group of the ligand is located between aromatic 
rings of W2866.48 and F2896.51 and can create very stable 
HB with W286 6.48 (the carbonyl oxygen atom of the pro-
tein backbone). Moreover, the 3,5-dihydroxyphenyl group 
interacts via Π–Π stacking with the aromatic rings of 
W2866.48, F2896.51, F2906.52, F193, Y3167.43, and Y3087.35 
(Fig. 3). The remaining ligand–receptor interactions char-
acteristic of the FEP global minimum can be summarized 
as follows. The p-hydroxyphenyl group of the ligand inter-
acts sporadically via HB with the side chains of K3057.32 
and D192; the ligand mainly acts as an HB acceptor. More-
over, Π–Π and/or Π-hydrogen bond interactions were 
observed between the p-hydroxyphenyl group of the ligand 

and aromatic residues located in this area of the binding 
site (e.g. F193, Y3087.35, and F2896.51). Finally, the β-OH 
group participates in very stable HB with D1133.32 (car-
bonyl oxygen atom of the protein backbone); at the same 
time the carboxyl group of D113 forms an ionic bridge 
with the ligand amine group.

In both cases (i.e. for In_β2-AR and Ac_β2-AR) prefer-
ential ligand–protein interactions have their source in the 
strong ionic bridge created between the central part of the 
ligand (–NH2

+ group) and the carboxyl group of D1133.32, 
accompanied by different networks of hydrogen bonds 
involving all the polar parts of the ligand molecule (Cher-
ezov et al. 2007; Rasmussen et al. 2011a; Ring et al. 2013).

On comparison of the FEPs global minima obtained 
for In_β2-AR with those for Ac_β2-AR one can notice the 
lower diversity of the ligand–protein interactions in the lat-
ter case. The ligand molecule seems to be more “stable”, 
i.e. the accessible conformational space (expressed by the 
z value) is reduced comparing with the ligand–In_β2-AR 
complex. This is only a qualitative estimate (because of an 
umbrella potential bias) but it harmonizes well with one of 
the hypotheses explaining the diverse results of the stere-
oselectivity-related simulations described above (Plazin-
ska et al. 2013). HB between β-OH (ligand) and N2936.55, 
which has been found to be responsible for stereoselective 
binding to β2-AR (Wieland et al. 1996), was observed for 
the ligand–Ac_β2-AR complex.

Moreover, we observed that fenoterol interacts directly 
(HB involving the 3,5-dihydroxyphenyl group) with 
W2866.48, i.e. the residue which creates the rotamer toggle 
switch, and is involved in the process of receptor activation. 

Fig. 3  Characteristic positions (i.e. those corresponding to the local minima on the FEP curves) of the fenoterol molecule in complexes with 
In_β2-AR and Ac_β2-AR. The interactions are described in detail in the text and in Table 1
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This type of interaction has not previously been observed in 
any agonist–β2-AR system; we were also unable to observe 
it during unbiased MD simulations, which suggests that 
such interactions are artifacts inherent in the (biased) US 
simulation. This issue will be discussed in detail in forth-
coming papers.

Fenoterol–Ac_β2‑AR complex: local minima on the FEP 
plot

Extraction of fenoterol through the channel in β2-
AR reveals the existence of multiple retention points 

represented by the local minima on the FEP plots. The most 
significant of these are located at approximately z = 2.5 nm 
(Ac_β2-AR) and z = 2.15 nm (In_β2-AR) (Fig. 2). These 
“secondary” binding sites and the ligand–receptor inter-
actions corresponding to them are briefly characterized 
below, starting from Ac_β2-AR.

For the ligand–Ac_β2-AR complex the first local min-
imum (z = 2.5 nm) of the FEP is determined mainly by 
ligand–receptor HB. Table 1 lists the protein residues 
located closest to the ligand during its dissociation process. 
The largest free energy differences between the global and 
first local minimum arise as a result of:

Table 1  Fenoterol–β2-AR interactions corresponding to the characteristic regions (global and local minima) of the FEP curves shown in Fig. 2

The interactions are separated with regard to parts of the ligand molecule (hydroxyl, amine, and methyl groups) and amino acid residues located 
in the vicinity of the ligand entry–exit path. “Interaction” is used here to denote close contact of the ligand molecule with the receptor resulting 
in an attractive interaction. If not indicated otherwise, the interactions are of the hydrogen-bonding type. Residues shown in bold are those which 
have been found experimentally to be involved in the interactions between the agonist and β2-AR (Rasmussen et al. 2011a; Ring et al. 2013; 
Swaminath et al. 2004; Wacker et al. 2010)

System Ligand group Global minimum I Local minimum II Local minimum III Local minimum

In_β2-AR m‑OH W286 (backbone)
N312
F290, F289 (Π–Π)

Y199
T110
S203
S204
T195 (~4 Å)

S203
S204

T195
H296

β–OH D113
Y316

N293
D113
Y308
T195 (~4-5 Å)

N293
T195
Y308

H296
N301 (~3–5 Å)

–NH2
+− D113

T110
Y308
N293
T195 (~4.5 Å)

T195
N293

T195 (~4.5 Å)

CH3 Directed toward ECL II Directed toward ECL II Directed toward ECL II or 
TM VI

F194
(hydrophobic interaction)

p‑OH K305
D192
Y308

I303
H296
N301 (~4–5 Å)

H178
N301 (backbone)
Q197

T177
H178 (~4–8 Å)

Ac_β2‑AR m‑OH S203 (~4-5 Å)
T195
F193 (backbone)

S203 (~4–5 Å)
T195
F193, Y199 (Π–Π)
F290, F289 (Π–Π)
D113 (~4.5 Å)

N293 (NH2, O)
F193 (backbone)
Y308
H296 (Π–Π)

N293
T195
Y308
H178, F289 (Π–Π)

β‑OH D113
N293
N312
Y308

N293
Y308
H296 or
F193 (backbone)

D192
F193 (backbone)

D192
F193 (backbone) or
Y308

−NH2
+− D113

N312
H296
F193 (backbone)
T195 (backbone and side 

chain)

D192 D192
F193 (backbone)

CH3 Toward TM III Toward ECL II (F194) Toward ECL II

p‑OH D192
K305 or H93

H178
F194 (Π–Π)

D300 (backbone)
I298 (backbone)
or
H178
E180

G16
or
Q179 (HB)
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1. the lack of an ionic bridge between the protonated 
amine group of fenoterol and D1133.32 and the lack 
of any direct ligand–protein interactions engaging the 
ligand amine group (except the extremely scarce HB 
with F193) in general; and

2. the slightly changed position of the p-hydroxyphenyl 
group which can interact with D192 and H178 (ECL 
II), but not simultaneously.

The remaining (HB-type) interactions are comparable 
for both the global minimum and first local minimum, lead-
ing to the conclusion that disruption of the ligand–D113 
salt bridge is responsible for the large increase on the FEP 
plot for z increments varying from 2 to 2.5 nm, correspond-
ing to the transition from the main to the secondary mini-
mum of free energy.

Furthermore, the additional (very shallow) local 
minimum on the FEP curve is visible at approxi-
mately z = 2.78 nm, as a result of four ligand–receptor 
interactions:

1. strong HB between the p-hydroxyphenyl group 
(ligand) and the side chain of D300 and Q299 (the 
same p-hydroxyphenyl group can also interact (but less 
strongly) with H178 located on the ECL II);

2. HB of the dihydroxyphenyl group of fenoterol with 
N2936.55, Y3087.35, and F193 (less frequent HB involv-
ing H2966.58 is also observed);

3. during exit from the first local minimum, HB between 
the ligand β-OH group and N312 is lost, resulting 
in rotation of the β-OH and directing it towards the 
extracellular part of β2-AR; at the second local mini-

mum the β-OH group interacts via HB with D192 (fre-
quently) and F193 (backbone atoms, infrequently) but 
not simultaneously; and

4. the amine group (ligand) acts as an HB donor to D192.

The ligand molecule has a bent shape with the–NH2
+– 

group exposed to the solvent environment. On the basis 
of observation of the MD trajectories representing ligand 
transfer from the first to the second local minimum of FEP, 
we suggest a novel effect of F194 (ECL II) and histidines: 
H932.64, H2966.58, and H178. These histidines, surrounding 
the F194 side chain, can create a network of Π–Π interac-
tions with each other (Fig. 4a), with F194, and with the aro-
matic group of the ligand. We hypothesize that in the pro-
cess of ligand entry and exit to and from the binding cavity 
the network of interactions involving H932.64, H2966.58, 
F194, and H178 (ECL II) is disrupted, which results in 
the shift of ECL II and the N-end and, at the same time, 
increases the space available for the ligand molecule. This 
enables the β-OH and NH2

+ groups to participate in stable 
interactions with D192 and F193 (ECL II) (Fig. 4b).

The course of the FEP plot reveals the existence of the 
third local minimum for the ligand complex with Ac_β2-
AR at approximately z = 3.3 nm. There the agonist mol-
ecule interacts mainly with the residues of ECL II. The 
interactions with N2936.55, D192, F193, and T195 are 
still observed (Fig. 3). Moreover, an HB-type interaction 
between the p-hydroxyphenyl group (ligand) and G16 
(N-end) was observed. The latter type of interaction is 
especially interesting because of the β2-AR polymorphism 
at the 16th residue; it will be studied in more detail in forth-
coming studies.

Fig. 4  The (R,R)-fenoterol molecule (ball-and-stick representation) leaving the first local minimum (a) and entering the second local minimum 
(b) of FEP. Red arrows show the directions of ECL II and N-end movements which accompany the ligand transfer



158 Eur Biophys J (2015) 44:149–163

1 3

Fenoterol–In_β2‑AR complex: local minima on the FEP 
plot

For both local and global minima of the free energy only 
very few types of ligand–protein interaction can be dis-
tinguished for In_β2-AR. All are very stable, however. 
The first and the second local minima of the free energy 
are located very close to each other, at approximately 
z = 1.7 nm and z = 2.1 nm, respectively. They are sepa-
rated by a relatively small free energy barrier (~9 kJ/mol). 
The orientations of the fenoterol molecule corresponding to 
these two minima are quite similar. The slight differences 
are mainly because of orientation of the p-hydroxyphenyl 
group. At the first local minimum, the p-hydroxyphenyl 
group is closer to ECL III whereas at the second local mini-
mum it is shifted toward ECL II (Fig. 3).

The attractive interactions associated with the first local 
minima of the free energy are limited to:

1. simultaneous HB between the two hydroxyl groups of 
the 3,5-dihydroxyphenyl ligand group and two of the 
three residues S2035.42, S2045.43, and Y199;

2. the β-OH group of fenoterol interacts directly (HB) 
with N2936.55, which has previously been identified as 
responsible for stereoselective binding to the receptor 
(Wieland et al. 1996);

3. the protonated amine group donates a hydrogen bond 
to Y3087.35 and N2936.55; and

4. the p-hydroxyphenyl group participates in HB involv-
ing I303, H2966.58, or N301.

Similarly to Ac_β2-AR, in this case also, disruption 
of the ligand–D113 salt bridge can be interpreted as the 
main reason for the increase of the free energy at z dis-
tances varying from 1.7 to 2.1 nm (i.e. the transition of the 
ligand molecule from the main free energy minimum to the 
second).

Most of the mentioned interactions involving the 
3,5-dihydroxyphenyl, β-OH, and amine groups of the 
ligand are also maintained for the configurations rep-
resenting the second local minimum of the free energy 
(z = 2.35 nm; Figs. 2, 3). The p-hydroxyphenyl group, 
located between TM V, ECL II, and ECL III in the extra-
cellular part of the receptor, participates in HB with H178 
(ECL II), Q1975.36 (TM V), or N301 (ECL III). In contrast 
with the fenoterol–Ac_β2-AR complex, stable interactions 
with serines on TM V were observed for both the first and 
second minima of FEP. It is supposed that these attrac-
tive interactions partially compensate for the energetically 
unfavorable disruption of the D113-ligand salt bridge and 
are the reason for the relatively small (16–19 kJ/mol) FEP 
difference between the global and the first two local min-
ima characteristic of In_β2-AR. For Ac_β2-AR, in which 

interactions with serines are absent, the corresponding dif-
ference is much larger (45 kJ/mol).

The third local minimum (z = 2.8 nm) corresponds to 
the ligand shifted closer to the extracellular part of the 
receptor. The fenoterol molecule loses its direct interac-
tions with the TM V (S204), TM VI (N293), and TM VII 
(Y308) residues. The amine group of the ligand is located 
between ECL II and ECL III and does not participate in 
HB with β2-AR. Overall, the ligand molecule interacts 
only with residues on the extracellular loops. The 3,5-dihy-
droxyphenyl group participates in HB simultaneously with 
T195 (ECL II) and H2966.58. The β-OH group forms two 
hydrogen bonds, with H2966.58 and N301 (ECL III). The 
p-hydroxyphenyl group of fenoterol can interact with the 
T177 residue (ECL II) only. The stability of these HBs is 
weakened by the large mobility of the extracellular part of 
β2-AR.

Carazolol–In_β2‑AR complex

In contrast with the fenoterol–β2-AR complexes, the FEP 
plot obtained for carazolol–In-_β2-AR reveals the exist-
ence of the global minimum (z = 1.25) and only two local 
minima (z = 1.5, z = 2.32 nm). The ligand position in the 
global minimum is very similar to that observed in the 
crystal structure of the carazolol–β2-AR complex (PDB: 
2RH1); the average RMSD was 0.21 Å (Fig. SI5).

The most favorable interactions in the carazolol–In_β2-
AR complex are created between the amine group of the 
ligand and D1133.32, N3127.39, and Y3167.43. The other 
interactions include HB between:

1. serines on the TM V (S2035.42, S2045.43) and the aro-
matic groups of ligand; and

2. the hydroxyl group (ligand) and D1133.32 (Table 2).
obtained from

In contrast with the fenoterol–β2-AR complexes, disrup-
tion of HB between the hydroxyl group of carazolol and 
D113 seems to be of fundamental importance for dissocia-
tion from the global minimum. Slight rotation of the ligand 
β-OH group causes disruption of the β-OH–D113 HB and 
creation of new HB between β-OH and N3127.39. Moreo-
ver, the ligand becomes more distant from the serines on 
TM V. The distances between the nitrogen atom of the 
aromatic ring (ligand) and S2035.42 and S2045.43 increases 
to 4–6 Å (Table 2). This change in the interaction pat-
tern affects the FEP values and the distance between the 
global and 1st local minimum to a relatively minor extent. 
In the first local minimum the protonated amine group of 
ligand still interacts with D1133.32, N3127.39, and Y3167.43. 
Stronger interactions with residues on TM III (D113) and 
TM VII (N312), compared with fenoterol, seem to be the 
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result of the different chemical structures of the ligands. In 
the carazolol molecule the distance between the aromatic 
and amine groups is larger by two C–C bonds than for the 
fenoterol molecule; this enables the carazolol molecule to 
maintain stable interactions with N3127.39 without disrupt-
ing the network of interactions around the aromatic group. 
A significant energy barrier located between the first and 
second local minima is associated with disruption of HB 
between the ligand and the D1133.32, N3127.39, and Y3167.43 
residues (Fig. 5, Table 2).

It is worth briefly comparing these results with those 
obtained by González et al. (2011) for the β2-AR–cyano-
pindolol and β2-AR–carazolol systems. The authors used 
the Jarzynski equality and pulling simulations to recover 
the FEP associated with the ligand (carazolol) dissociation 
processes. For both the fenoterol–β2-AR and carazolol–β2-
AR complexes, the residues involved in direct contact with 
the ligand are similar to those reported by González et al. 
(2011). In contrast with González et al. (2011) we observed 
metastable states characteristic of the ligand-dissociation 
process (local minima of the free energy).

The differences between the FEP profiles calculated for 
fenoterol and carazolol could result from three factors:

1. The simulation techniques used which, despite seek-
ing the same quantity (FEP), can lead to slightly dif-
ferent results because of accuracy-related issues. The 
use of steered MD and Jarzynski equality assumes the 
ligand dissociation process (as accepted by the pulling 
direction) whereas use of time-independent umbrella 
potentials results in ligand association and dissociation 
processes described by the same profile (reversibility 
is assumed). The sampling times (~30 ns for each US 
window) are much larger than the time of ligand pull-
ing (~3 ns) described by González et al. (2011), allow-
ing the assumption that the conformational space is 
sampled more extensively in the US simulations.

2. The types of the ligands, which have two different 
pharmacological characteristics (agonist and inverse 
agonist); moreover, the dimensions of their molecules 
differ substantially (the structural formulas are given 
in Fig. 1). For steric reasons it was expected that the 

Table 2  The β2-AR amino acid 
residues identified as interacting 
with carazolol during its 
association–dissociation process

Residues shown in bold are 
those which have been found 
experimentally to be involved in 
the interactions between inverse 
agonist and β2-AR (Cherezov 
et al. 2007, Wacker et al. 2010). 
Other details as in Table 1

Ligand group Global minimum I Local minimum II Local minimum

Aromatic rings S203
S204
S207
V114, F193 (П‑П)
F289, F290, W286 (П‑П)

S204
S203
F289, F290 (П‑П)
F193, V114 (П‑П)

N301
E180
H178 (distance 0.4 nm)
or H18

–OH D113 N312
N293

T195
F193
Y308
D192

–NH2
+– D113

Y316
N312

D113
N312

T195
F193
Y308

CH3 W109
V86
G90

H93
W109
I309

F193
I309

Fig. 5  Schematic diagram of interactions between the carazolol molecule and In_β2-AR in the global minimum (a), 1st local minimum (b), and 
2nd local minimum (c) of FEP
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larger fenoterol molecule would experience differ-
ent (probably larger) free energy barriers than carazo-
lol when entering and leaving the binding cavity. The 
importance of ligand physiological character is con-
firmed by the metadynamics simulations (described 
below).

3. Details of the composition of the systems. The FEP 
profiles reported by González et al. (2011) were 
obtained on the basis of the crystal structure of β2-
AR (PDB: 2RH1) which did not contain the uncrys-
tallized region of the N-terminus which, according to 
our US simulations, can be of crucial importance in 
the initial stages of the ligand-binding process. The 
proximity of the positively charged N-teminus region 
interacting with the cationic ligand can explain the 
larger free energy barrier observed for z > 3 nm com-
pared with the equivalent results obtained for carazo-
lol. The artificial N-terminus of the incomplete crystal 
structure of β2-AR would be located in the vicinity of 
the extracellular loops and obstructs entry to the core 
and/or binding site of β2-AR, i.e. further from the 
preferred ligand dissociation path. The fully recon-
structed N-terminus region has much conformational 
flexibility which has a larger effect on the ligand–β2-
AR interaction pattern.

Ligand exit and entry paths

To summarize, the most significant differences between the 
ligand binding–unbinding modes characteristic of the Ac_
β2-AR and In_β2-AR conformational forms include:

1. the ligand positions in the global and local minima of 
the free energy;

2. the quantitatively different course of the FEP plots 
associated with the binding–unbinding processes; and

3. the favorable entry and exit routes of the ligand to and 
from the binding cavity of Ac_β2-AR and In_β2-AR 
(described below).

When considering the global minimum of FEP, we 
observed that the ligand molecule in the fenoterol–Ac_β2-
AR complex is closer to the extracellular part of the recep-
tor (Fig. 6, yellow ellipse) than in the In_β2-AR complex. 
In the latter, the ligand is situated deeper in the cavity and 
can interact directly with W2866.48 (Fig. 6, gray ellipse).

As expected on the basis of different ligand–receptor 
interaction patterns (described above), slightly different 
dissociation paths of the ligand from Ac_β2-AR and In_β2-
AR were also observed, diverging especially in the extra-
cellular part of β2-AR. This determines the different pattern 
of ligand–receptor interactions in the third local minimum 
of the free energy (Fig. 3). During the whole dissocia-
tion process from In_β2-AR the ligand molecules, (R,R)-
fenoterol and carazolol, were closer to TM V in compari-
son with Ac_β2-AR. Fenoterol interacts with S2035.42 and 
S2045.43 only when the system state corresponds to the first 
and second local minima of free energy (for In_β2-AR).

Moreover, for the third local minimum (In_β2-AR) the 
protonated amine group of fenoterol interacts with T195 
(ECL II), being much closer to this residue than in the 
fenoterol–Ac_β2-AR complex (Fig. 3). With Ac_β2-AR, 
fenoterol leaves the third local free energy minimum and 
exits the binding pocket interacting with residues belonging 
to ECL II and the N-end (orange arrow, Fig. 6). The analo-
gous scenario for the fenoterol–In_β2-AR complex is with 
different, because the ligand exits the binding cavity of 
receptor between ECL II and ECL III (purple arrow, Fig. 6). 
It should be strongly emphasized that the different paths 
were not imposed during the initial pulling simulation; the 
pulling directions were identical in both cases and the path 
divergence has its source in the specific ligand–receptor 

Fig. 6  a Schematic depiction 
of the slightly different ligand 
entry and exit paths found 
for Ac_β2-AR and In_β2-AR, 
marked as yellow and purple 
arrows, respectively (b). The 
optimum ligand positions 
characteristic of Ac_β2-AR 
and In_β2-AR are symbolically 
denoted as yellow and grey 
ellipses, respectively. The balls 
denote the residues (orange, 
Ac_β2-AR; blue, In_β2-AR) 
along the extraction trajec-
tories and belonging to ECL 
II, ECL III, and the N-end, 
which directly interact with the 
fenoterol molecule
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interactions characteristic of both conformational forms 
of β2-AR. We hypothesize that the increasing distance 
between D192 and K3057.32 and disruption of Π–Π inter-
actions between the p-hydroxyphenyl group of the ligand, 
F194, and histidines (H18, H932.64, H178, H2966.58) creates 
the additional space for the ligand extracted from Ac_β2-
AR (Fig. 4) when fenoterol interacts more strongly with 
D192 than with In_β2-AR (Table 1). Finally, only for the 
fenoterol–Ac_β2-AR complex was direct interaction of the 
ligand with G16 observed. The experimental studies sug-
gest that the β2-AR Arg/Gly16 polymorphism may be an 
important genetic factor in the overall risk of developing 
asthma (Xie et al. 2014).

Importantly, all the TM residues identified in our study, 
located at positions 2.64 (H93 in β2-AR) (Xie et al. 2006), 
3.28 (W109 in β2-AR) (Cherezov et al. 2007; Gerber et al. 
2001; Hogan et al. 2006), 3.32 (D113 in β2-AR) (Cherezov 
et al. 2007; Rasmussen et al. 2011a; Ring et al. 2013), 5.36 
(Q197 in β2-AR) (Gether et al. 1994), 5.42, (S203 in β2-
AR), 5.43 (S204 in β2-AR), 5.46 (S207 in β2-AR) (Cherezov 
et al. 2007; Cummings et al. 2010; Del Carmine et al. 2002; 
Rasmussen et al. 2011a; Ring et al. 2013), 6.48, 6.51, 6.52 
(W286, F289, F290 in β2-AR) (Cherezov et al. 2007), 6.55 
(N293 in β2-AR) (Wieland et al. 1996), 6.58 (H296 in β2-
AR) (Hovelmann et al. 2002), 7.35 (Y308 in β2-AR) (Woo 
et al. 2014), 7.36 (I309 in β2-AR) (Jarnagin et al. 1996), 
7.39 (N312 in β2-AR) (Cherezov et al. 2007; Suryanarayana 
and Kobilka 1993), and 7.40 (W313 in β2-AR) (Roth et al. 
1997) have been experimentally confirmed to be involved in 
ligand binding to β-AR and/or other GPCRs.

Summary

Enhanced sampling MD simulations have been performed 
to calculate the free energy profiles associated with the 
full agonist ((R,R)-fenoterol) and inverse agonist (cara-
zolol) association–dissociation process to and from the 
β2-adrenergic receptor (β2-AR). For fenoterol, the cal-
culations were performed separately for the two confor-
mational forms of β2-AR, i.e. the inverse agonist-bound 
(inactive form, PDB: 2RH1) and the agonist-bound (active 
form, PDB 3POG) to elucidate potential similarities and 
differences.

For both conformational forms of β2-AR binding of the 
fenoterol ligand is a highly favorable process, whereas its 
unbinding requires overcoming of large (tens of kJ/mol) 
free energy barriers. The difference between the global 
minima and “plateaus” reach 80 kJ/mol for complexes 
containing fenoterol and 50 kJ/mol for carazolol. Note 
that these values do not necessarily correspond to the free 
energy of binding, as explained in the section “Analy-
sis of the association–dissociation profiles”. Despite the 

number of similarities, the free energy profile calculated 
for the inactive form of the receptor has more “rough” 
character than that characteristic of the active β2-AR, with 
more metastable states and hindrance points experienced 
by the ligand during its binding and unbinding. Analysis 
of the profiles enabled identification of the crucial type 
of interactions responsible for each characteristic region 
of the free energy profiles. For both forms of β2-AR leav-
ing the primary global minimum of the free energy is 
connected with disruption of the most favorable, attrac-
tive ligand–receptor interaction, i.e. disruption of the salt 
bridge between D1133.32 and the positively charged amine 
group of the ligand. For the carazolol–β2-AR complex, 
leaving the global minimum is associated with disruption 
of HB between the hydroxyl group of the ligand and the 
carboxyl group of D113. Irrespective of the conformational 
form of β2-AR, most of the attractive fenoterol–receptor 
interactions in the secondary minima of the free energy 
(representing intermediate, metastable states of the ligand 
undergoing the binding–unbinding process) are of hydro-
gen-bonding-type. Further differences between the active 
and inactive states of β2-AR include the slightly different 
association–dissociation paths of the ligand in the extra-
cellular parts of the receptor. Comparison of these results 
with those reported for the inverse agonist (carazolol) mol-
ecule binding to the inactive form of β2-AR led to specula-
tion about the effect of the N-termini in the initial stages 
of ligand-binding process. Finally, we observed that the 
fenoterol molecule may interact directly with the W2866.48 
residue when is bound by the inactive β2-AR conformer. 
This observation can lead to better understanding of the 
effect of the ligand on the initial steps of the β2-AR confor-
mational rearrangements (“activation”) but requires further 
studies.
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