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Abstract: G-protein-coupled receptors (GPCRs) play
important roles in physiological processes and are
modulated by drugs that either activate or block signal-
ing. Rational design of the pharmacological efficacy
profiles of GPCR ligands could enable the development
of more efficient drugs, but is challenging even if high-
resolution receptor structures are available. We per-
formed molecular dynamics simulations of the β2
adrenergic receptor in active and inactive conformations
to assess if binding free energy calculations can predict
differences in ligand efficacy for closely related com-
pounds. Previously identified ligands were successfully
classified into groups with comparable efficacy profiles
based on the calculated shift in ligand affinity upon
activation. A series of ligands were then predicted and
synthesized, leading to the discovery of partial agonists
with nanomolar potencies and novel scaffolds. Our
results demonstrate that free energy simulations enable
design of ligand efficacy and the same approach can be
applied to other GPCR drug targets.

Introduction

The G-protein-coupled receptor (GPCR) superfamily con-
stitutes the largest group of eukaryotic membrane proteins
and plays essential roles in cellular communication. GPCRs
share a common architecture composed of seven trans-
membrane (TM) helices and have extracellular (orthosteric)
binding sites that recognize signaling molecules.[1] Develop-
ment of GPCR ligands has had a tremendous impact on
human health, and 34% of the currently approved drugs
interact with members of this receptor family.[2] Access to
chemical probes has also been crucial for characterizing
signaling pathways and revealed that GPCR activation is
more complex than initially anticipated.[3]

GPCRs exist in an equilibrium between different con-
formations that can be modulated by ligand binding.[4, 5]

Orthosteric ligands are traditionally classified as agonists,
antagonists, or inverse agonists. The binding of an agonist
shifts the equilibrium towards active receptor conforma-
tions, which are able to interact with intracellular partners
(e.g. G-proteins and β-arrestins) and thereby trigger signal-
ing cascades. The receptor response is agonist-specific and
compounds can produce the maximal stimulation (full
agonist) or lower efficacy (partial agonists). Antagonists also
bind to the orthosteric site but do not influence the
conformational equilibrium between active and inactive
states. Inverse agonists will stabilize inactive receptor
conformations that are unable to stimulate intracellular
partners. Finally, some ligands can also activate specific
signaling pathways by stabilizing unique receptor conforma-
tions, which is referred to as functional selectivity.[6–8]

Accurate predictions of how ligand binding influences the
signaling of a receptor would be valuable in drug design.

Activation of the β2 adrenergic receptor (β2R) has been
extensively characterized by biophysical and pharmacolog-
ical methods.[6,7,9,10] High resolution crystal structures of
diverse receptor conformations have provided insights into
the molecular basis of adrenergic receptor activation (Fig-
ure 1A).[11–14] In the intracellular region, activation involves a
large (14 Å) outward displacement of TM6, leading to the
formation of the G-protein binding site. In contrast,
conformational changes in the orthosteric binding site are
relatively small. The main difference between active and
inactive conformations is a 2 Å inward bulge of TM5
(Figure 1A), leading to hydrogen bonding between adrena-
line and Ser2035.42 and Ser2075.46 (superscripts refer to
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Ballesteros–Weinstein numbering).[3,14,15] There is a strong
allosteric coupling between the orthosteric and G-protein
binding sites. Agonist binding leads to conformational
changes that enhance receptor affinity for G-proteins and,
conversely, binding of the intracellular effector will increase
affinity for agonists.[16–18] These results have important
implications for structure-based drug design. If structures of
the active and inactive receptors are available, the efficacy
of a ligand could be predicted by identifying compounds
with a difference in affinity for these conformations. By
considering the conformational selectivity in the hit-to-lead
generation phase of drug discovery, the efficacy profile
could be optimized to achieve maximal therapeutic effect
with minimal side effects.

Molecular dynamics (MD) simulations have been widely
used to study GPCR activation and contributed to identify-
ing the conformational ensembles that are stabilized by
different types ligands.[19–27] Although it should in theory be
possible to use brute force simulations to predict ligand
efficacy, such calculations are prohibitively expensive to
carry out because activation occurs on millisecond time
scales. Enhanced sampling simulations have enabled de-
tailed studies of the β2R activation mechanism, but these
techniques are limited to studying small sets of ligands. We
explored an alternative approach that does not require
simulations of the full activation process. Recent studies
have shown that the free energy perturbation (FEP)
technique can predict binding affinities of GPCR ligands
with high accuracy, and we utilized a strategy to predict the
ligand efficacy based on affinities for the active and inactive
receptor states.[28–32] We first assessed if free energy simu-
lations could reproduce experimentally determined ligand
affinities for the β2R stabilized in active or inactive
conformations. Based on these results, we also evaluated if

the calculated conformational selectivity of a ligand was
correlated with its efficacy in functional assays. In a second
step, we computationally designed 15 compounds and
experimental evaluation of these led to the discovery of
several agonist scaffolds with nanomolar potencies. Our
results illustrate how leads with tailored signaling efficacy
can be designed using structure-based methods.

Results and Discussion

Simulations of one receptor state predict ligand affinity, but not
efficacy

MD simulations of agonists and antagonists bound to the
β2R were performed to assess if free energy calculations
could be used to predict ligand affinity and efficacy. The
calculated binding free energies were compared to exper-
imental data for 25 β2R ligands from three studies, which
measured ligand affinities to active and inactive receptor
conformations stabilized by nanobodies[18] or mutants.[33,34]

Whereas traditional measurements of binding affinities will
reflect binding to both active and inactive receptors, this
data enabled a comparison between experiments and
simulations for a specific conformational state. The simu-
lations were initiated from crystal structures of the active
and inactive receptor embedded in a hydrated lipid bilayer.
The overall receptor conformation was maintained in an
active- or inactive-like conformation in the simulations by
using spherical boundary conditions. The spherical system
was centered on the binding site and was treated as fully
flexible, whereas atoms outside a radius of 25 Å were tightly
restrained. For each ligand and receptor state, binding
affinities were calculated relative to a reference ligand

Figure 1. Molecular basis of β2R activation and relative binding free energy calculations in active and inactive receptor conformations. A) Structures
of the active and inactive conformations of the β2R. Active (PDB accession code: 4LDO) and inactive (PDB accession code: 2RH1) structures are
shown as blue and red cartoons, respectively. Adrenaline and key binding site residues are shown as sticks. Hydrogen bonds are depicted as yellow
dashed lines. B) Correlation between calculated and experimental relative binding free energies of β2R ligands. Relative binding free energies of
ligands (kcalmol� 1) were calculated relative to adrenaline (circle) or isoprenaline (triangle) in the active (blue) and inactive (red) conformations of
the receptor. The free energies were calculated from three independent simulations and error bars correspond to the standard deviation. The mean
unsigned error (MUE, kcalmol� 1) and the coefficient of determination (R2) are shown in the top left corner.
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(adrenaline or isoprenaline). Free energies were calculated
by combining MD simulations with the FEP technique.[35]

Each compound was alchemically transformed into the
reference ligand in complex with the receptor and in
aqueous solution, which can be used to calculate relative
ligand affinities using the FEP method. Large agonists and
antagonists (e.g., salmeterol and carvedilol) that extended
into secondary binding pockets were not considered because
transformations involving a large number of atoms lead to
difficulties to obtain converged free energy estimates. The
free energies were calculated based on a perturbation
network,[36] which was optimized to achieve converged
simulation results (Supporting Information Figure S1–S3).
Several transformation pathways were used to calculate the
free energy for each compound pair and convergence was
assessed using the cycle closure error (average error for the
inactive and active conformation=0.7 and 0.6 kcalmol� 1,
respectively). Predicted and experimental relative binding
free energies for the active (R*) and inactive (R) states
(ΔΔGbind,R* and ΔΔGbind,R, respectively) were in good agree-
ment with a mean unsigned error (MUE) of 1.5 kcalmol� 1

and a coefficient of determination (R2) of 0.72 (Figure 1B,
Supporting Information Tables S1 and S2). It should be
noted that some antagonists have higher affinities for the
active receptor conformation than potent agonists, illustrat-
ing that calculations based on a single receptor state cannot
predict ligand efficacy.

Calculated affinity shifts upon receptor activation predict ligand
efficacy

The ability of a compound to trigger receptor activation has
been shown to correlate with the difference in ligand affinity
for the active and inactive conformations.[18] Based on this
observation, we assessed if ligand efficacy could be predicted
by comparing the calculated relative binding free energies
for the two receptor states (the relative affinity shift,
ΔGshift=ΔGbind,R*� ΔGbind,R) (Figure 2A). The predicted effi-
cacy is determined by the calculated relative affinity shift
and the choice of reference ligand. The agonists adrenaline
and isoprenaline were selected as references. These agonists
were selected as references because the compounds fit well
into both the active and inactive binding sites. Larger
compounds (e.g., the antagonist carazolol) were more
challenging to model into the active state and longer
simulations would be required to obtain converged free
energy calculations. In this case, the relative affinity shift of
an agonist is expected to be close to zero as these
compounds have similar efficacy profiles. In contrast, ΔGshift

would be expected to be positive for inverse agonists and
antagonists because these compounds have an altered
balance between the affinities to the two conformational
states. Finally, partial agonists should display intermediate
relative affinity shifts (Figure 2B). To assess our computa-
tional approach, we performed retrospective binding free
energy simulations for a set of 31 β2R ligands, which were
divided into three groups based on assays measuring

Figure 2. Relative affinity shift calculations for β2R ligands. A) Thermodynamic cycle used to compute the relative affinity shift from free energy
simulations. Alchemical transformations of the ligands A and B were performed in the active and inactive states of the receptor. B) Illustration of
the expected affinity shifts for ligands with different efficacy profiles with a full agonist as reference compound. C) Calculated relative affinity shifts
and experimental efficacy profiles of β2R ligands. Affinity shifts were calculated as the difference between the relative binding free energy of each
ligand in the active and inactive state of the receptor with an agonist as the reference. Ligands are colored according to their efficacy profiles (G-
protein-mediated signaling): agonists (green), partial agonists (orange), and non-agonists (red). Error bars correspond to the standard deviation.
The boxplot in the top left corner shows the affinity shift distribution of the different ligand groups. Boxes represent the 50th percentile of the data
and the black bands show the median value. The whiskers correspond to 1.5 times the interquartile range. n.s.: not significant, *p�0.05,
**p�0.01, and ***p�0.001 according to a Kruskal–Wallis test followed by a Dunn’s test.
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G-protein mediated signaling (agonists, partial agonists, and
non-agonists: weak partial agonists, antagonists, and inverse
agonists) (Supporting Information Table S3). Predicted
relative affinity shifts are shown in Figure 2C (Supporting
Information Table S4) and were converged based on analy-
sis of cycle closure errors (average error=0.7 kcalmol� 1,
Supporting Information Figure S3). In agreement with
experimentally observed efficacy profiles, the agonists
typically showed the smallest relative affinity shifts (median
ΔGshift of 1.3 kcalmol� 1) whereas the non-agonists had the
largest shifts (median ΔGshift of 6.6 kcalmol� 1). Partial
agonists showed intermediate values with a median ΔGshift of
3.3 kcalmol� 1. The statistical significance of these predic-
tions was confirmed by using a Kruskal–Wallis test (p-
value<10� 4) followed by a Dunn’s post hoc test. The
average affinity shifts were significantly different between
agonists and the two other groups (partial agonists and non-
agonists with p-values<0.05 and <0.001, respectively). For

comparison, ranking compounds by their calculated relative
affinity to the active state did not show any significant
difference between the three groups (Kruskal–Wallis test: p-
value >0.05, Supporting Information Figure S4).

Computational design of non-catechol β2R agonists

A major challenge for drug discovery targeting adrenergic
receptors has been to replace the catechol group and
maintain agonist activity. To identify novel non-catechol
agonists, two virtual chemical libraries were generated by
replacing the catechol group in the β2R agonist colterol with
other building blocks (Figure 3A). Building blocks contain-
ing either five- or six-membered aromatic rings with at least
one hydrogen bond donor or acceptor were identified,
resulting in two libraries with a total of �34000 unique
compounds. Each library was first docked to the active β2R

Figure 3. Computational design of non-catechol β2R ligands. A) A virtual chemical library was constructed by replacing the catechol group in the
β2R agonist colterol with either five- and six-membered aromatic rings. B) Predicted binding modes of the designed compounds. Structures
correspond to snapshots from an MD simulation of the β2R active conformation. The receptor is shown as a gray cartoon and key residues are
shown as sticks. Ligands are represented as sticks and hydrogen bonds are depicted as yellow dashed lines. C) Radioligand displacement curves
and binding affinities (Ki) of selected ligands at β2R derived from four (5, 6), five (2, 7), or six (1) experiments. D), E) Functional activity for G-
protein signaling (D) and β-arrestin recruitment (E). Graphs show mean curves�s.e.m. derived from three (5, 6 in E), four (1, 2, 5, 6 in D, 2 in E),
or five (7 in D, 1, 7 in E) individual experiments.
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conformation and top-ranked molecules with a binding
mode similar to adrenaline were visually inspected. Fifty-six
compounds were selected based on interactions with key
residues in the binding site (Asp1133.32, Asn2936.55, Ser2035.42,
and Ser2075.46), followed by free energy simulations in the
active and inactive conformations (Supporting Information
Figure S5). Based on the calculated affinity shifts and
synthetic feasibility, seven compounds were selected from
the two libraries (1–7, Scheme 1 and Table 1). Five com-
pounds were based on replacing the catechol with six-
membered aromatic rings and, among these, one was
predicted to be an antagonist (3, ΔGshift=7.4 kcalmol� 1), one
to be a weak partial agonist (2, ΔGshift=5.0 kcalmol� 1), and
the remaining had shifts corresponding to full agonism
(compounds 1 and 4–5, ΔGshift=1.2, 1.1, and � 1.9 kcalmol� 1,
respectively). The two selected compounds with five-mem-
bered aromatic rings (6 and 7) were predicted to be full
agonists (ΔGshift= � 0.8 and 1.6 kcalmol� 1, respectively, Sup-
porting Information Table S5).

The synthesis of compounds 1–7 is described in
Scheme 1. Compounds 1 and 2 were synthesized starting
from 4-acetylindazole and 4-acetylindole, respectively. In
brief, N-Boc protection was carried out with Boc2O and a
catalytic amount of KOtBu. α-Ketone bromination was
performed with pyrrolidone hydrotribromide and then the
ketone was reduced with NaBH4 to afford a bromohydrin
intermediate. Nucleophilic substitution with tBuNH2 fol-
lowed by Boc-deprotection in H2O at 100 °C[37] afforded the
desired products 1 and 2. Similarly, the two regioisomers 3
and 4 were prepared starting from benzo[d]oxazol-2(3H)-
one and 7-acetylbenzo[d]oxazol-2(3H)-one, respectively.
AlCl3-catalyzed Friedel–Crafts acylation of benzo[d]oxazol-
2(3H)-one with bromoacetyl bromide[38] followed by reduc-
tion of the ketone with NaBH4 afforded a bromohydrin
intermediate, which was substituted by tBuNH2 to form 3.
Alpha-ketone bromination of 7-acetylbenzo[d]oxazol-2
(3H)-one by bromine followed by reduction of the ketone
with NaBH4 afforded a bromohydrin intermediate. This was
substituted by tBuNH2 to form 4. Compound 5 was

Scheme 1. Synthesis of compounds 1–7. A) Compounds 1–4. Reactions and conditions: a) KOtBu, Boc2O, THF, 80 °C, 1–2 h. b) pyrrolidone
hydrotribromide, pyrrolidone, THF, 80 °C, 10–30 min. c) NaBH4, EtOH:DCM (1 :1), 0 °C, 15 min. d) tBuNH2, DMSO, 80 °C, overnight. e) H2O,
100 °C, 30 min. f) bromoacetyl bromide, AlCl3, DMF. g) Br2, Et2O. B) Compounds 5–7. Reactions and conditions: a) PPh3CH2Br, K2CO3, THF, reflux,
overnight. b) mCPBA, DCM, rt, overnight. c) tBuNH2, DMSO, 80 °C, overnight. d) N2H4, EtOH, 70 °C, 2 h then 100 °C, overnight. e) Me3SI, NaH,
DMSO:THF (1 :1), rt, overnight. f) NH4OH, 70 °C, 2 h. g) 2-bromo-1,1-diethoxyethane, Cs2CO3, DMF, 100 °C, overnight. h) pTsOH, toluene, 80 °C,
30 min. i) pyridinium tribromide, CHCl3, rt, 2 h. j) NaBH4, MeOH:DCM (1 :1), 0 °C, 15 min.
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Table 1: Ligand binding and functional assays results for the tested compounds.

[a] IP-One® assay (Cisbio) with HEK293T cells co-transfected with β2R and the hybrid G-protein Gαqs. [b] PathHunter® assay (Eurofins/DiscoverX)
for measuring arrestin recruitment in EA-tagged arrestin-2 expressing HEK cells co-transfected with the ProLink tagged β2R-PK1. [c] Ki values in
[nM�s.e.m.] are the means of three to eight individual experiments each performed in triplicate with the number of experiments listed in
parentheses (n). [d] EC50 values for G-protein signaling in [nM�s.e.m.] indicating mean potencies derived from three to eight individual
experiments each performed in duplicate. [e] Emax values in [%�s.e.m.] indicating maximum efficacy relative to the full effect of noradrenaline (=
100%) derived from (n) experiments. [f ] EC50 values for β-arrestin recruitment in [nM�s.e.m.] derived from three to twelve individual experiments
each performed in duplicate. n.d.=not determined. *Separated enantiomers.
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synthesized starting from methyl 2-fluoro-5-formylbenzoate.
The Wittig reaction afforded an alkene, which was trans-
formed into an epoxide using mCPBA. Opening of the
epoxide with tBuNH2 followed by the formation of the 1,2-
dihydro-3H-indazol-3-one ring by treatment with N2H4

afforded the target compound 5. Next, compound 6 was
synthesized starting from methyl 4-formylthiophene-2-car-
boxylate via a Johnson-Corey-Chaykovsky epoxidation,
followed by opening of the epoxide with tBuNH2 and
aminolysis of the methyl ester with NH4OH. Finally,
compound 7 was synthesized starting from 4-acetyl-1H-
pyrrole-2-carboxamide. N-alkylation of the pyrrole ring with
2-bromo-1,1-diethoxyethane followed by pTsOH mediated
ring closure afforded 7-acetylpyrrolo[1,2-a]pyrazin-1(2H)-
one as intermediate. Alpha-bromination with pyridinium
tribromide followed by reduction of the ketone with NaBH4

and substitution with tBuNH2 afforded the desired product.

Biological activity of designed ligands

Compounds 1–7 were first evaluated in radioligand binding
assays (Table 1) and five of these (1, 2, 5–7) were ligands of
the β2R. Compounds 1 and 2 had Ki values of 17 and 58 nM,
respectively, and these ligands were predicted to be full and
weak partial agonists, respectively (Table S5). The com-
pounds were based on indazole (1) and indole (2) moieties
that mimic the catechol of adrenaline (Figure 3B). We do
not consider compounds 1 and 2 to represent new scaffolds
because indoles have previously been explored as high
affinity β2R ligands (e.g., in carazolol and pindolol).[39,40]

However, it should be noted that an indole-like moiety does
not necessarily result in a specific efficacy because this
scaffold is part of both agonists and antagonists. Measure-
ments of Gs-mediated receptor activation in response to the
compounds revealed that both compounds were partial
agonists with maximal efficacies of 61% (EC50=8.5 nM)
and 48% (EC50=55 nM) for 1 and 2 relative to noradrena-
line, respectively (Table 1 and Figure 3C–E). Both com-
pounds 1 and 2 showed low levels of β-arrestin recruitment
with a maximal efficacy relative to noradrenaline of 19% (1,
EC50=16.0 nM) and 7% (2, EC50=120 nM). The enantio-
pure form of compound 1 displayed very high affinity
(compound 1a, Ki=9.3 nM). Subsequent to our discovery of
compound 1, this structure was described in a patent, which
confirmed that the most active enantiomer is the (R)-form,
in agreement with our predictions.[41] In contrast to the
indole scaffold, the indazole is able to mimic two key
hydrogen bonds of the catechol group (Ser2035.42 and
Asn2936.55), which explains the higher efficacy and potency
of this agonist (Figure 3B).

Compounds 5–7 represented unique non-catechol scaf-
folds and were predicted to be agonists (Table 1). The 3-
indazolinone moiety of compound 5 was predicted to fulfill
all the polar interactions made by adrenaline. Experimen-
tally, compound 5 had submicromolar affinity (Ki=480 nM)
with partial agonist activity at Gs-mediated pathway signal-
ing (Emax=37%, EC50=180 nM), but no detectable β-arrest-
in recruitment (Emax<5%). Both compounds 6 and 7 were

predicted to form hydrogen bonds with Ser2035.42 and
Asn2936.55 (Figure 3B). Compound 6 had submicromolar
affinity (Ki=810 nM), but did not show agonist activity
(Emax<5%). Compound 7 showed micromolar affinity (Ki=

11 μM) with partial agonist activity in assays measuring Gs-
mediated signaling (Emax=62%, EC50=7.4 μM) and low
effect on β-arrestin recruitment (Emax=12%, EC50=

7.3 μM). Structure-activity relationships were further ex-
plored by synthesizing three analogs (8–10, detailed syn-
thetic procedures are described in the Supporting Informa-
tion). Replacing the tert-butyl with an isopropyl moiety (8)
led to improved potency (Ki=4.6 μM, EC50=1.3 μM) with
comparable efficacy (Emax=53%). Compounds 5 and 7
clearly represented novel agonist scaffolds that, to the best
of our knowledge, have not previously been described.

Fine-tuning signaling by perturbing receptor-ligand interactions

Five analogs of 1 and 2 were synthesized to evaluate the
ability of free energy simulations to predict the effect of
small structural modifications on ligand efficacy. Com-
pounds were designed to form an additional hydrogen bond
with Ser2075.46 (11) or to disrupt interactions with Asn2936.55

and Ser2035.42 (12–15) (Figure 4A). Detailed synthetic proce-
dures for 11–15 are described in the Supporting Informa-
tion.

Predictions from the free energy simulations were
compared with results from binding and functional assays.
The addition of an exocyclic nitrogen to the indazole moiety
to form a hydrogen bond with Ser2075.46 (11) decreased the
calculated affinity for both the active and inactive states
compared to the reference agonists isoprenaline and com-
pound 1, which agreed with the experimentally determined
loss of affinity (Ki=490 nM) (Supporting Information
Table S5). The predicted ΔGshift value of 0.6 kcalmol� 1 was
compatible with agonist activity, which was confirmed by
the functional assays (Emax=66% in the G-protein signaling
assay). The addition of a 2-methyl group to the indole
moiety to probe interactions with Asn2936.55 (12) resulted in
a ΔGshift of 3.9 kcalmol� 1, corresponding to weak partial
agonist activity. Experimentally, compound 12 resulted in a
Ki of 4.0 nM and partial agonist activity at the Gs protein-
mediated signaling (Emax=38%), in agreement with the
prediction that this compound would show lower efficacy
than compound 1. Finally, a benzothiophene (13) and
benzofuran (14 and 15) group were introduced to probe
interactions with Ser2035.42 and Asn2936.55, which resulted in
affinity shifts between 6.4 and 6.7 kcalmol� 1, corresponding
to values observed for antagonists. This result also agreed
well with the low levels of receptor activation observed
experimentally (Emax=16, 19, and 18% for compounds 13,
14, and 15, respectively, for G-protein signaling). To assess
the ability of the free energy simulations to predict differ-
ences in ligand efficacy profiles in congeneric series of
ligands, the affinity shifts of these compounds, as well as
four reference ligands, were compared to the response in
assays measuring Gs-mediated signaling (Figure 4B). There
was a strong correlation between the predicted affinity shifts
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and receptor activation rate (Spearman correlation coeffi-
cient= � 0.85, p-value<0.05).

Discovered agonists stabilize active-like receptor conformations

To further characterize the identified agonists, enhanced
sampling MD simulations of complexes with compounds 1,
7, and 11 were carried out. In these simulations, the receptor
was fully flexible and the enhanced sampling protocol
ensured that the active-like free energy basin was exhaus-
tively sampled. These simulations thereby allowed us to
study ligand-induced conformational changes. The results
were compared with previously performed simulations of
reference ligands (three agonists, two antagonists, and one
inverse agonist) and in the absence of ligand (Supporting
Information Figure S6).[26] In agreement with our experi-
mental data, the conformational states stabilized by com-
pounds 1, 7, and 11 were more similar to agonists than to
non-agonists (Supporting Information Figure S6A). In the
connector region, which is located close to the orthosteric
site, compounds 1, 7, and 11 stabilized an active-like
conformation of Ile1213.40 and Phe2826.44, which was also
observed in simulations of the reference agonists. (Support-
ing Information Figure S6B).

Strategies to design drugs with tailored efficacy profiles

Three observations that are relevant for the design of
GPCR agonists emerge from this study. First, a strength of
using a physics-based approach is that no prior knowledge
regarding the pharmacophore features that are important
for agonism is required. In theory, the free energy
calculations only rely on access to structures of the active
and inactive receptor conformations and a reference agonist.

It should be noted that the β2R represents a favorable case
because the binding modes could be modelled with high
confidence and key interactions for agonism have been
identified. The same approach can be applied to the 25
GPCRs for which there are experimental structures of
inactive and active conformations (Supporting Information
Table S6).

A second interesting observation from our virtual
screens was that the top-ranked compounds rarely were able
to form the complete set of hydrogen bonds formed by
adrenaline, which may be important to achieve full activa-
tion of β adrenergic receptors[42] and suggests that larger
libraries may improve the hit rates. For example, molecular
docking screens have recently identified GPCR agonists in
libraries with >100 million compounds.[43] Due to the
computational cost of free energy simulations, our approach
is limited to predictions of relative binding free energies for
small sets of compounds and is not suitable for screens of
diverse libraries. In order to ensure facile synthesis, only
compounds that could be made from commercially available
building blocks were part of our library with 34000
compounds. If we instead had generated the library based
on all theoretically possible building blocks up to 13 heavy
atoms,[44] >1 million additional compounds would be acces-
sible (a 40-fold larger library). As this library expansion will
come at the expense of synthesis efforts, it will become
important to select compounds using reliable computational
models. Previous structure-based virtual screens have identi-
fied β2R agonists,[45–47] but a large fraction of the compounds
predicted by the approximate docking scoring functions
have been inactive. By combining docking screens with
rigorous free energy simulations of top-ranked compounds,
the balance between speed and accuracy can be optimized.

A third important observation is that the simulations
were able to predict structural modifications resulting in a
spectrum of efficacy profiles for a congeneric series of

Figure 4. Fine-tuning receptor signaling. A) Predicted binding modes of compounds 11–15. Structures correspond to snapshots after an MD
simulation of the β2R active conformation. The β2R is shown as a gray cartoon, and key residues are shown as sticks. All ligands are represented as
sticks with orange carbon atoms. Hydrogen bonds are depicted as yellow dashed lines. B) Correlation between predicted affinity shifts and Gs-
mediated signaling relative to noradrenaline. Error bars correspond to the standard deviation. The Spearman correlation coefficient (ρ) is shown in
the top right corner. Abbreviations: Salbutamol (SAL), Noradrenaline (NORA), Colterol (COL), and Halostachine (HAL).
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compounds, which could be used to tune ligand efficiency in
lead optimization. Notably, potent agonists designed from
our simulations showed stronger activation of G-protein-
mediated signaling compared to β-arrestin recruitment,
suggesting that the simulated active conformation may
represent a biased signaling state. Based on our experimen-
tal data, the functional selectivity of compound 1a is
comparable with the drug salbutamol, which has been
described as a biased agonist.[6] Interestingly, the compounds
have slightly different profiles. Whereas salbutamol showed
higher ligand efficacy, compound 1a is more potent with
EC50 values in the single-digit nanomolar range. The
structural basis of the observed functional selectivity is
unclear and is challenging to characterize without perform-
ing computationally demanding MD simulations of G-
protein and β-arrestin bound states. A limitation of our
protocol is that the receptor is maintained in the active or
inactive conformations that were captured by crystallogra-
phy, whereas multiple distinct states are accessible in the
experiments. Additional conformations could be identified
by MD simulations of functionally selective ligands com-
bined with the characterization of allosteric communication
pipelines using the methods developed by Vaidehi and co-
workers.[48,49] By extending the free energy simulations to
include structures representing several different active
conformations, it may be possible to rationally design
functionally selective ligands.

Conclusion

Identification of lead compounds with a specific efficacy
profile is one of the major challenges in GPCR drug
discovery. Here, we show that free energy simulations can
be used to predict the functional activity and demonstrated
the efficiency of this approach by designing β2R agonists.
The large number of available GPCR structures will make it
possible to apply the same approach to other targets, which
can accelerate the development of drug candidates with
tailored signaling efficacy.
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