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ABSTRACT: Modulation of multiple biological targets with a single drug can lead to
synergistic therapeutic effects and has been demonstrated to be essential for efficient
treatment of CNS disorders. However, rational design of compounds that interact with
several targets is very challenging. Here, we demonstrate that structure-based virtual
screening can guide the discovery of multi-target ligands of unrelated proteins relevant for
Parkinson’s disease. A library with 5.4 million molecules was docked to crystal structures of
the A2A adenosine receptor (A2AAR) and monoamine oxidase B (MAO-B). Twenty-four
compounds that were among the highest ranked for both binding sites were evaluated
experimentally, resulting in the discovery of four dual-target ligands. The most potent
compound was an A2AAR antagonist with nanomolar affinity (Ki = 19 nM) and inhibited MAO-B with an IC50 of 100 nM.
Optimization guided by the predicted binding modes led to the identification of a second potent dual-target scaffold. The two
discovered scaffolds were shown to counteract 6-hydroxydopamine-induced neurotoxicity in dopaminergic neuronal-like SH-
SY5Y cells. Structure-based screening can hence be used to identify ligands with specific polypharmacological profiles, providing
new avenues for drug development against complex diseases.

■ INTRODUCTION

Since the lock-and-key and receptor concepts were introduced
more than a century ago,1 drug development has increasingly
been focusing on identifying agents that modulate the activity
of a single target. The belief that the magic bullet, a compound
with high affinity and selectivity for a specific protein, has high
potential as a drug candidate is now dominating the
pharmaceutical industry. However, the “one target−one drug”
paradigm neglects the fact that many diseases are multifactorial
and efficient treatment in such cases will require modulation of
several proteins. For example, it is now widely accepted that the
efficacy of antipsychotic drugs can be ascribed to interactions
with multiple members from the G protein-coupled receptor
(GPCR) family.2 Compounds that mediate their effects via
several targets, which has been coined polypharmacology, show
improved efficacy compared to single-target drugs by acting
synergistically and avoid side effects associated with combina-
tion therapy.3

The realization that the therapeutic effects of several
medications rely on polypharmacology2 has sparked interest
in applying this strategy to neurological and neuropsychiatric
disorders for which traditional drug development approaches
have fallen short.4 For example, the recently approved
antiparkinson drug safinamide inhibits monoamine oxidase B
as well as sodium and calcium channels, which may contribute

to its unique properties.5 The vast majority of the known multi-
target drugs has been discovered by serendipity, and given the
major efforts involved in the generation of single-target lead
candidates, development of compounds with dual activity has
been anticipated to be very difficult. Rational design of
polypharmacology has mainly involved proteins that are either
closely related or recognize similar biogenic molecules, e.g.,
kinases or aminergic GPCRs, but has rarely been accomplished
for disparate targets.6−8 Access to atomic resolution informa-
tion for proteins relevant for the same indication gives the
opportunity to design multi-target ligands based on the binding
site structures.9,10 A structure-based approach should enable
identification of drugs to unrelated targets by taking advantage
of common binding site features that are not apparent from
protein sequence or ligand similarity.
Two targets relevant for drug development against

Parkinson’s disease (PD) were selected to explore the
possibility to discover dual-target ligands using structure-
based virtual screening. PD is characterized by a progressive
loss of dopaminergic neurons, which results in symptoms such
as trembling, stiffness, and bradykinesia. To overcome the
decreased dopamine levels in the brain, treatment of PD mainly
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relies on the dopamine precursor levodopa. However, more
efficient drugs are urgently needed due to side effects such as
dyskinesia and the gradual loss of levodopa efficacy.11

Alternative targets for development of antiparkinson drugs
include non-dopaminergic members of the GPCR superfamily
and enzymes involved in the degradation of monoamine
neurotransmitters.12,13 From these two different target classes,
we focused on identifying lead candidates with dual-target
activity at the A2A adenosine receptor (A2AAR) and monoamine
oxidase B (MAO-B). The idea of developing dual-target
A2AAR/MAO-B inhibitors emerged from the serendipitous
discovery that the A2A antagonist 8-(3-chlorostyryl)caffeine
(CSC) also inhibited MAO-B.14 Although CSC showed
promising neuroprotective effects in experimental PD models,14

it has been considered to be undesirable as starting point for
drug development due to low solubility and sensitivity to light-
induced degradation.15,16 Novel dual-target A2AAR/MAO-B
ligands are hence needed to further assess the potential of the
multi-target approach in treatment of PD.
A dual A2AAR/MAO-B inhibitor would exert the sympto-

matic and neuroprotective effects of A2AAR antagonism17

combined with the advantages of sustained dopaminergic
signaling due to inhibition of MAO-B.18 As the targets are
involved in different biochemical pathways, additive or even
synergistic therapeutic effects could be expected for dual-target
compounds.3,4 However, considering the dissimilar neuro-
transmitters recognized by the two proteins and the disparate
binding sites revealed by atomic resolution crystal structures
(Figure 1), design of dual-target compounds should be very
challenging. In the present work, molecular docking screens of
a commercial chemical library against crystal structures of the
A2AAR and MAO-B binding sites were carried out to identify
dual-target ligands. Twenty-four compounds that were top-
ranked in the A2AAR and MAO-B screens were assayed
experimentally. The screening results enabled us to assess the
prospects of designing multi-target ligands using a structure-

based approach and to discover starting points for development
of a novel class of antiparkinson drugs.

■ RESULTS

Docking Screens for Dual-Target Ligands. In order to
identify dual-target ligands of the A2AAR and MAO-B,
molecular docking screens against the two binding sites were
carried out. Sets of known ligands19,20 together with property-
matched decoys21 were first docked against available crystal
structures to benchmark the binding sites for virtual screening,
which was quantified using the adjusted logAUC (Table S1).22

In this step, no particular focus was put on the limited set of
known dual-target ligands23−26 to avoid introducing bias in the
prospective screen toward these two scaffolds. Crystal
structures of the A2AAR in an inactive conformation, which is
the state relevant for development of antiparkinson drugs,17

were considered. An A2AAR structure that strongly enriched
known ligands over decoys (Figure S1a) and had a relatively
open binding site conformation was selected (PDB code
3PWH27) to increase the probability of identifying compounds
that could be accommodated by several targets. The MAO-B
structure (PDB code 2V6128) was determined in complex with
a noncovalent inhibitor and also showed excellent ligand
enrichment (Figure S1b). To assess potential similarities
between the A2AAR and MAO-B, the crystal structures and
known ligands of the targets were compared. Binding site
similarity was assessed using ProBIS,29 an algorithm designed
to identify common structural elements of proteins. No
statistically significant similarity between the binding sites was
detected by this method (Table S2). Ligand 2D similarity was
quantified by calculating the Tanimoto similarity coefficient
(Tc) for all pairs of A2AAR (3898 compounds) and MAO-B
(1671 compounds) ligands from the ChEMBL database19

(Figure S2). 99.9% of the Tc values were <0.30, which
suggested that the A2AAR and MAO-B recognize vastly
different ligand chemotypes.

Figure 1. Targets for development of dual-target antiparkinson agents. (a) Crystal structures of the A2AAR (gray) and MAO-B (green) are shown as
cartoons together with 2D representations of adenosine and dopamine. (b) 2D representation of CSC, a dual-target A2AAR and MAO-B inhibitor.24
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Two chemical libraries containing 0.8 million fragment-like
compounds (molecular weight of <250 Da) and 4.6 million
lead-like compounds (250 Da < molecular weight < 350 Da)
from the ZINC database30 were docked separately to the
A2AAR and MAO-B structures using DOCK3.6.22 On the basis
of previous prospective docking screens against GPCRs,31 the
fragment library was likely to give a higher hit rate but at the
expense of ligand potency. Conversely, the lead-like com-
pounds were less likely to fit in both binding sites, but hits
could be expected to have higher affinity as larger molecules
can form more interactions. Several thousand orientations were
sampled in the binding sites for each of the 5.4 million

molecules with the proteins kept rigid, resulting in billions of
predicted complexes that were evaluated using the DOCK3.6
scoring function. The compounds in the fragment- and lead-
like libraries were first ranked based on their docking energies22

for the A2AAR and MAO-B. A consensus score was then
calculated for each compound as the sum of the ranks from the
two screens. In order to identify dual target ligands, the 500
compounds with the lowest consensus scores were inspected
visually. In the compound selection step, energy terms
neglected by the docking scoring function, commercial
availability, and the novelty of the predicted ligands were also
considered, as described previously.32 A set of 24 compounds

Table 1. Experimental Data for Identified Dual-Target Ligands

aConsensus rank from docking screens of a fragment (compound 1) or lead-like (compounds 2−4) library from the ZINC database. The ranks for
the individual targets are shown in parentheses (A2AAR/MAO-B). bKi value expressed as the mean ± SEM from three independent experiments
performed in duplicate or triplicate. cIC50 value expressed as the mean ± SEM from three independent experiments performed in duplicate or
triplicate. dThe maximal Tanimoto coefficient (ECFP4) when compared with all compounds with dual-activity at the A2AAR and MAO-B. The
maximal Tanimoto coefficient (ECFP4) for all known ligands is shown in parentheses (A2AAR/MAO-B). 2D structures of the most similar
compounds are shown in Table S5.

Figure 2. Overview of the structure-based screen for dual-target A2AAR/MAO-B ligands. The ZINC lead-like and fragment libraries were screened
against A2AAR (gray) and MAO-B (green) crystal structures. Twenty-four top-ranked molecules were selected for experimental evaluation. Twelve
and six compounds showed activity at MAO-B and A2AAR, respectively, and four of these displayed dual-activity (Table 1 and Table S4).
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(1−24, Table S3), comprising 13 fragment- and 11 lead-like
compounds, was finally prioritized for experimental evaluation.
All of the selected compounds had negative docking energies
for both targets, indicating favorable interactions between the
binding sites and the predicted ligands. The ranks of the
selected fragment-like compounds ranged from 34 to 1273 for
the A2AAR and from 10 to 2664 for MAO-B. The predicted
lead-like compounds had ranks from 465 to 11760 for the
A2AAR and from 422 to 14642 for MAO-B. All the selected
compounds were hence ranked among the top 0.3% of the
screened chemical libraries.
Experimental Evaluation of Docking Predictions. The

24 predicted ligands were evaluated experimentally at both the
A2AAR and MAO-B. For the A2AAR, six compounds showed
significant (>60%) displacement of radioligand at 30 μM,
corresponding to a screening hit rate of 25%. Full dose−
response curves were obtained for these ligands, and their Ki
values ranged from 19 to 7100 nM (Table 1 and Table S4). In
the MAO-B enzyme assay, 12 compounds showed >70%
inhibition at 30 μM, corresponding to a hit rate of 50%, and the
IC50 values of these inhibitors ranged from 61 to 8700 nM
(Table 1 and Table S4). Of the 14 compounds that showed
activity for at least one of the targets, seven originated from the
fragment-like library and seven were from the set of lead-like
compounds. Promising starting points for development of
single-target drugs hence emerged from both the fragment and
lead-like libraries. As expected, the lead-like compounds were,
on average, more potent than the fragment-like, in particular for
the A2AAR. On the other hand, the ligand efficiencies (LE,
corresponding to the binding energy per atom33) were typically
higher for the fragment-like compounds. The virtual screening
results are summarized in Figure 2.
Among the 14 experimentally confirmed ligands, four

compounds (1−4, Table 1) displayed activity at both the
A2AAR and MAO-B, corresponding to a dual-target hit rate of
17%. Compounds 2 and 3 belonged to the same scaffold and
the most potent of these (3) had a Ki of 19 nM at the A2AAR
and inhibited MAO-B with an IC50 of 100 nM. The two
remaining compounds (1 and 4) had micromolar activities at
both targets. Of these, compound 1 (Ki = 2700 nM at the
A2AAR and IC50 = 5000 nM for MAO-B) was considered to be
a more promising starting point for optimization as it was
fragment-sized and hence had higher LE values. The predicted
binding modes of compounds 1 and 3 are shown in Figure 3.
The ligands were deeply buried in the A2AAR binding site and
formed hydrogen bonds with Asn2536.55 (superscripts represent
Ballesteros−Weinstein residue numbering for GPCRs34). In the

MAO-B binding pocket, both compounds 1 and 3 formed
hydrogen bonds with Tyr326 and were anchored in a
hydrophobic pocket created by Phe103, Ile316, and Phe168.
To assess the novelty of the discovered dual-target ligands, we
calculated the Tanimoto similarity of the compounds to the
two previously identified scaffolds with activity at both targets
and all known ligands of the A2AAR or MAO-B (Table 1 and
Table S5) from the ChEMBL database.19 Compounds 1−4 had
maximal Tanimoto similarity coefficients (Tc) ranging from
0.18 to 0.34 for the dual-target ligands, which is indicative of
novel scaffolds.35 The maximal Tc values for all known ligands
were higher (0.25−0.50) but remained low for either the
A2AAR or MAO-B in each case, demonstrating that dual-target
activity would not have been expected from 2D similarity.

Structure−Activity Relationships of Dual-Target Li-
gands. Exploration of structure−activity relationships for the
two scaffolds represented by compounds 1 and 3 was guided by
docking of commercially available analogs and structure-based
design (compounds 1a−i and 3a−k, Table S6). A set of
commercially available analogs that were predicted to have the
same binding mode as compound 1 was first selected for
experimental evaluation, but none of these showed significant
affinity for the A2AAR (1c−i, Table S7). Based on the model of
compound 1 in complex with the A2AAR, substituents filling the
small subpocket in the vicinity of the 7-position of the
benzimidazole ring could yield large increases of affinity, as
demonstrated by previous structure-based drug design
efforts.36,37 Two custom-synthesized compounds were eval-
uated experimentally based on this prediction (1a,b, Table 2).
The chlorine (1a) and methoxy (1b) substituted compounds
had 27- and 5-fold better A2AAR binding affinities than
compound 1, respectively. These compounds were then
evaluated in the MAO-B assay to assess dual-target activity.
Whereas compound 1b (IC50 = 7000 nM) showed no
improvement over compound 1, compound 1a was a
submicromolar inhibitor of both MAO-B (IC50 = 410 nM)
and A2AAR (Ki = 99 nM). A representative dose−response
curve for compound 1a is shown in Figure S3.
Compounds 2 and 3 belonged to the same scaffold, and the

most potent of these (3) had an affinity of 19 nM for the
A2AAR and inhibited MAO-B with an IC50 value of 100 nM. A
total of nine analogs (3a−i, Table 2 and Table S8) were
assayed. Two commercially available compounds with sub-
stituents on the benzyl ring (3a,b, Table 2), which were
predicted to occupy the top part of A2AAR binding site and a
buried pocket in MAO-B, retained activity at both targets.
Commercially available and custom-synthesized analogs devoid

Figure 3. Predicted binding modes of two dual-target ligands: the docking poses of compounds 1 (a, b) and 3 (c, d) in the A2AAR (gray cartoon,
PDB code 3PWH27) and MAO-B binding sites (green cartoon, PDB code 2V6128). Key binding site residues and the ligands are shown in sticks.
Hydrogen bonds are shown as black dashed lines.
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of the ester moiety, which may be metabolized in vivo, were
also explored by replacing this group with amide groups (3c−i,
Table 2 and Table S8). As the ester moiety was facing the
solvent in the predicted binding mode for the A2AAR, these
analogs were predicted to maintain high activity. Binding assays
confirmed that the four compounds were A2AAR ligands, but
none of them inhibited MAO-B (Table 2). This result could be
explained by the fact that the ester moiety was predicted to
bind in a narrow channel connecting the two major subpockets
of the MAO-B binding site, which makes it challenging to
introduce new substituents in this region (Figure 3). As an
additional control, we confirmed that the activity of compound
3 was not mediated by its metabolized form by evaluating the
two products of hydrolysis, and these (3j and 3k) were inactive
at both targets (Table S8). To summarize, many of the tested
analogs retained activity only at one of the targets and
compound 3 was still the most potent compound in the series.
A representative dose−response curve for compound 3 is
shown in Figure S3.
Functional Assays and Selectivity. Functional assays

measuring cyclic AMP accumulation mediated by activation of

the A2AAR in response to the agonist 5′-N-ethylcarboxamido-
adenosine (NECA) in the presence of 1a and 3 (Figure S4)
confirmed that these compounds were antagonists, which is the
desired efficacy in treatment of PD.17 To evaluate if compounds
1a and 3 were noncovalent inhibitors of MAO-B, a reactivation
experiment was carried out. MAO-B was first preincubated in
the presence of substrate and either compounds 1a, 3, or the
irreversible inhibitor tranylcypromine (trans-(±)-2-phenyl-
cyclopropanamine).18 An excess of substrate was then added,
which should displace reversible inhibitors, whereas no effect
should be observed for an irreversible mechanism of action.
The measured fluorescence increased for compounds 1a and 3,
as expected for reversible inhibition, whereas only a small
response was observed for the irreversible control inhibitor
(Figure S5).
The selectivity profiles of compounds 1a and 3 were further

probed by evaluating binding affinities for the A1-, A2B-, and
A3AR (Table 3). Compound 1a was 10- and 2-fold selective for
the A2AAR over the A1- and A2BAR, respectively, whereas
compound 3 showed 12- and 10-fold selectivity over the same
subtypes. Both compounds 1a and 3 showed weak affinity for
the A3AR subtype (Ki > 10000 nM). Similarly, specificity for
MAO-B over MAO-A was also confirmed for compounds 1a
and 3. Compound 1a did not show any significant inhibition of
MAO-A at 10 μM, whereas compound 3 had an IC50 = 4700
nM, resulting in 47-fold selectivity (Table 3).

Potential concerns in development of multi-target ligands are
that the screening hits may be promiscuous scaffolds and that
the activity may be due to assay interference or inhibition by
colloidal aggregation. However, none of the discovered dual-
target ligands contained any of the substructures identified by
Baell et al. as common among frequent-hitters (pan-assay
interference compounds, PAINS).38 In the case of MAO-B, we
also specifically controlled for assay interference by carrying out
the experiments in the absence of the target protein with added
product, which did not result in significant activity for
compound 1a or 3. Furthermore, the MAO-B assays for
compounds 1a and 3 were performed in the presence and
absence of detergent (Triton X-100, 0.01%) to control for
artifactual inhibition due to colloidal aggregation.39 In the case
of aggregating compounds, activity will be diminished by Triton
X-100, but no significant changes in the IC50 values were
observed for 1 or 3a in the presence of detergent. Finally, we
found that the commercially available compounds 1 and 3 had
been evaluated experimentally in a large number of screens
deposited in the PubChem bioassay database and showed no
activity in the vast majority of these (Table S9).40 Compound 1
did not show any significant effect in 710 assays and was

Table 2. Experimental Data for Analogs of Compounds 1
and 3

aKi value expressed as the mean ± SEM from three independent
experiments performed in duplicate or triplicate. bIC50 value expressed
as the mean ± SEM from three independent experiments performed in
duplicate or triplicate. Inactive compounds (>10 000 nM) were tested
in one experiment performed in triplicate.

Table 3. Activity of Compounds 1a and 3 at A1-, A2B-, and
A3ARs and MAO-A

ID A1AR A2BAR A3AR MAO-A

(Ki/nM)a (Ki/nM)a (%)a (IC50/nM)b

1a 1000 ± 260 230 ± 20 50 ± 6.0% >10000
3 220 ± 80 190 ± 8.5 44 ± 6.5% 4700 ± 97

aPercent of displacement at 10 μM or Ki value expressed as the mean
± SEM from three independent experiments performed in duplicate or
triplicate. bIC50 value expressed as the mean ± SEM from three
independent experiments performed in duplicate or triplicate. Inactive
compounds (>10 000 nM) were tested in one experiment performed
in triplicate.
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annotated as active in 39 assays, whereas compound 3 was
inactive in in 766 screens and was only active in five cases. A
more detailed analysis of the PubChem data revealed that
compound 1 showed >50% activity at 10 μM for 16 different
targets (Table S10), whereas no targets remained for
compound 3 at this concentration.
Evaluation of Compounds 1a and 3 in a Cell Viability

Assay. Evaluation of a cytoprotective effect exerted by
compounds 1a, 3, and CSC on differentiated dopaminergic
neuronal-like SH-SY5Y cells was carried out using the resazurin
assay. As shown in Figure 4, 20 μM 6-OHDA resulted in a 37 ±
1.3% reduction in cell viability and was chosen for evaluating
compound impact. Pretreatment with 0.15 μM of both
compounds 1a and 3 as well as CSC caused statistically
significant (F4,115 = 116.4; p < 0.0001) counteraction of the 6-
OHDA induced cytotoxicity. Compounds 1a and 3 reduced
cytotoxicity by 14 ± 2.1% and 13 ± 2.2%, respectively. The
previously discovered dual-target ligand CSC (A2AAR, Ki = 38
nM; MAO-B, IC50 = 18 nM)14,24 resulted in an equally potent
protection (13 ± 2.0%). There was no difference in the
protective effects of the studied compounds.

■ DISCUSSION AND CONCLUSIONS
Three main results emerged from our structure-guided screens
for dual-target inhibitors of a GPCR and enzyme relevant for
development of antiparkinson drugs. First, four dual-target
ligands were identified among the 14 screening hits that were
confirmed active for either the A2AAR or MAO-B. Second,
several of the dual-target compounds were potent. The most
promising scaffold had astonishing nanomolar activity at both
the A2AAR and MAO-B. The structural models also guided
improvement of a weak hit from the virtual screen to yield a
second dual-target scaffold with submicromolar potencies.
Third, two dual-target compounds showed protective effects
in an in vitro PD model.
Structure-based virtual screening has successfully discovered

ligands of both GPCRs and enzymes,41,42 but prediction of
compounds with multi-target action involving disparate targets
has rarely been accomplished. The high docking hit rates (25%

and 50%, respectively) are in line with results obtained in
previous virtual screening studies against either the A2AAR or
MAO-B.20,43−45 The challenges involved in identifying dual-
target ligands were reflected by the fact that only 17% of the
tested compounds showed activity at both the A2AAR and
MAO-B, which is lower than the hit rates obtained previously
in docking screens against the A2AAR.

43,44 Whereas the hit rate
for dual-target ligands was close to 4-fold lower than for the
single targets, we were surprised to find that the potencies of
the hits were not affected. Remarkably, compound 3 (Ki = 19
nM) not only is among the highest affinity A2AAR ligands to
emerge from a virtual screen but also was very potent at MAO-
B (IC50 = 100 nM). The fidelity of the predicted binding mode
for compound 3 was further supported by a crystal structure of
the A2AAR in complex with a related ligand, which was
published during the preparation of this manuscript (Figure
5).46 A question that arises is how two proteins can recognize
the same compound despite lack of sequence and structural
similarity.47 Analysis of the docking results revealed some
similarities among the top-ranked compounds and the known
dual-target inhibitor CSC (Figure 1). For example, the dual-
target scaffolds represented by compounds 1a and 3 both
contained two aromatic groups connected by polar moieties.
The aromatic groups occupied hydrophobic subpockets at the
ends of the extended binding sites, and the polar moieties were
stabilized by hydrogen bonds to a side chain positioned
centrally in both pockets (Figure 3). Interestingly, CSC (Figure
1), which differs from both compounds 1a and 3 by 2D
similarity, has a similar shape and composition of aromatic and
polar groups. Despite the differences in sequence and structure,
the docking scoring function was thus able to distinguish
similarities in the binding site shape and polarity, supporting
the use of structure-based virtual screening as a tool for
identifying multi-target ligands of disparate targets.
The potential of polypharmacology in treatment of complex

diseases has led to increasing interest in rational design of
multi-target ligands.2,3 Such efforts have mainly focused on
either optimizing a single-target scaffold for activity at a second
target or combining the pharmacophore features of two single-
target ligands into one compound.48 The former strategy has

Figure 4. Viability assessment on human dopaminergic neuronal-like
cells treated with 6-OHDA toxin. Cells were treated with 0.15 μM 1a,
3, or CSC for 3 h prior to addition of 20 μM 6-OHDA. After 24 h,
resazurin was added for another 2 h, whereupon cell viability was
assayed. Data are shown as the mean ± SEM and were analyzed using
one-way ANOVA with Newman−Keuls multiple comparison test:
(###) p < 0.001 versus control and (∗∗∗) p < 0.001 versus 6-OHDA
alone.

Figure 5. Comparison of the predicted binding mode of compound 3
to a crystal structure of a related antagonist in complex with the
A2AAR. The dual-target ligand 3 is shown as sticks with orange carbon
atoms. The cocrystallized antagonist (PDB code 5UIG46) is depicted
in sticks with gray carbon atoms. The A2AAR is depicted as gray
cartoons. Hydrogen bonds are shown as black dashed lines.
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mainly been successful for targets that are related or recognize
similar biogenic molecules. An elegant example is the
computer-aided optimization of an acetylcholinesterase inhib-
itor for activity at aminergic GPCRs using 2D similarity
methods by Besnard et al.7 However, the general applicability
of this approach is limited in that it requires access to training
sets with known ligands of each target and depends on selecting
a suitable starting point for optimization. This is illustrated by
the fact that medicinal chemistry efforts to obtain dual-target
A2AAR/MAO-B ligands based on an A2AAR scaffold (4H-3,1-
benzothiazin-4-one) were successful,24 but optimization of
phthalimide inhibitors of MAO-B for activity at the A2AAR
failed.49 For unrelated targets, two ligand scaffolds can be linked
to obtain a single compound with dual activity. For example,
Jörg et al. designed dual-target ligands of the A2AAR and D2
dopamine receptor by connecting the D2 agonist ropinirole to
an A2A antagonist via a chemical linker50 whereas De Simone et
al. constructed compounds for both the D3 dopamine receptor
and fatty acid amide hydrolase by combining two pharmaco-
phores.51 Active compounds were identified in both studies, but
the combination of two existing ligands led to high molecular
weight compounds with properties that may not be compatible
with oral availability and blood−brain barrier penetration. In
contrast, the structure-based virtual screening strategy explored
in this work was not constrained to the limited chemical space
spanned by known scaffolds. High-throughput docking allowed
us to carry out an unbiased screen of several million
compounds, leading to the discovery of four dual-target ligands.
The most potent scaffolds were reversible MAO-B inhibitors
and antagonized the A2AAR, which are the desired functional
properties in development of PD drugs. The lack of activity of
the two scaffolds in high-throughput screens against other
proteins and controls made for assay interference and colloidal
aggregation suggested that the dual-target activity was unlikely
to be due to promiscuous or artifactual inhibition. Moreover,
the inhibitors not only did have low molecular weight and good
selectivity properties but also showed cytoprotective effects in
dopaminergic neuronal-like cells. Compounds 1 and 3a hence
provide excellent starting points for development of dual-target
A2AAR/MAO-B leads that could be evaluated in vivo for
antiparkinson activity.
A few caveats of our approach should be mentioned. First,

both the A2AAR and MAO-B have been demonstrated to
recognize diverse scaffolds and bind drug-like compounds with
high affinity. The high docking hit-rates obtained in this work
may not be directly transferrable to less druggable targets.
Second, access to multiple high-resolution crystal structures and
large sets of known ligands for both targets contributed to the
successful selection of compounds for experimental testing, but
such wealth of information is not available in all drug discovery
projects. Finally, it should be emphasized that the complexity of
ligand design increases dramatically when a single scaffold is
optimized for multi-target activity. In agreement with this
concern and previous studies,24 we found that closely related
analogs of our dual-target leads with activity for one target
could be completely inactive for the other. Considering the
challenges involved in optimization of dual-target compounds,
access to atomic resolution information for the target binding
sites will be crucial for lead development. In summary, our
results demonstrate that molecular docking screening can guide
discovery of ligands with specific polypharmacological profiles,
which can contribute to development of drugs against complex
diseases with improved efficacy and less side effects.

■ EXPERIMENTAL SECTION
Molecular Docking Screens. The molecular docking calculations

were carried out using DOCK3.622 (http://dock.compbio.ucsf.edu/
DOCK3.6/) against a crystal structure of the A2AAR in complex with
an antagonist (PDB code 3PWH27) and of MAO-B in complex with
an inhibitor (PDB code 2V6128). The A2AAR structure was prepared
by removing non-protein atoms, and thermostabilizing mutations were
modified to correspond to the wild type sequence. Side chain rotamers
for modified amino acids were selected based on other high-resolution
crystal structures of the A2AAR. In the case of MAO-B, all protein
residues, the FAD cofactor, and two crystallographic waters (residues
1239 and 1304) were retained in the docking calculations. The
protonation states of ionizable side chains of residues Asp, Glu, Lys,
and Arg were set according to their most probable state at pH 7. The
protonation states of histidines in the binding sites were assigned
based on the local hydrogen-bonding network. In the case of the
A2AAR, the side chains of His250

6.52 and His2787.42 were protonated at
the Nε and Nδ positions, respectively.

DOCK3.6 uses a flexible-ligand sampling algorithm that defines the
binding site based on a set of matching spheres.52 Forty-five matching
spheres were used, and these were derived based on the cocrystallized
ligands. The extent of ligand sampling was defined by the bin size, bin
size overlap, and distance tolerance, and these parameters were set to
0.4 Å, 0.1 Å, and 1.5 Å, respectively, for both the docked molecules
and binding sites matching spheres. Ligand conformations passing a
steric filter were scored using the DOCK3.6 physics-based scoring
function. The binding energy was estimated as the sum of the van der
Waals and electrostatic energies, corrected for ligand desolvation.22

The protein atoms were described using a united atom version of the
AMBER force field.53 The dipole moment of the Asn253 side chain in
the A2AAR was increased to favor hydrogen bonding to this residue, as
described previously.43 Force field parameters for the FAD cofactor in
the MAO-B binding site were derived using the generalized AMBER
force field.54 The program CHEMGRID55 was used to generate the
van der Waals grids,53 and the electrostatic potential maps of the
binding sites were obtained using the program Delphi.56 The
desolvation energy of a docked compound was obtained by scaling
its transfer free energy between solvents with dielectric constants of 78
and 2 with a factor that reflects the degree of burial in the binding
site.22 For the best scoring conformation of each docked molecule, 100
steps of rigid-body minimization were carried out.

A chemical library containing 5.4 million compounds was obtained
from the ZINC database.30 Known ligands19,20 and DUD-E decoys21

were prepared for docking using the ZINC database protocol.30 All
tested compounds were sourced from commercial vendors (Table S3
and S6). Purity (>95%) was confirmed by LC/MS for compounds 1−
4, 1a, 1b, 3a, and 3b. The selected molecules were also screened for
substructures present in pan-assay interference compounds (PAINS)
and did not contain any of these motifs.38

2D Ligand and Binding Site Similarity Calculations.
Tanimoto similarity coefficients (Tc) were calculated with ECFP4
fingerprints using Screenmd (JChem version 15.10.12, ChemAxon,
2015). The maximal Tc value between each compound and the
previously discovered dual-target A2AAR/MAO-B ligands23−26 or all
known ligands of the targets in the ChEMBL database19 (activity <10
μM) was calculated. Binding site similarity was quantified using the
ProBis Web server57 based on the A2AAR and MAO-B crystal
structures used in the virtual screen. The binding sites were defined as
all residues within 7 Å of the cocrystallized ligands.

Binding Assays for the Adenosine Receptors. A2AAR
competition binding experiments were carried out in a multiscreen
GF/C 96-well plate (Millipore, Madrid, Spain) pretreated with binding
buffer (Tris-HCl 50 mM, EDTA 1 mM, MgCl2 10 mM, 2 U/mL
adenosine deaminase, pH = 7.4). An amount of 5 μg of membranes
from HeLa-A2A cell line was incubated with 3 nM [3H]ZM241385 (4-
[2-[[7-amino-2-(furan-2-yl)-[1,2,4]triazolo[1,5-a][1,3,5]triazin-5-yl]-
amino]ethyl]-2-tritiophenol) (50 Ci/mmol, 1 mCi/ml, ARC-ITISA
0884) and the studied compound at 25 °C for 30 min and then filtered
and washed four times with 250 μL of wash buffer (Tris-HCl 50 mM,
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EDTA 1 mM, MgCl2 10 mM, pH = 7.4), before measuring in a
microplate β scintillation counter (Microbeta Trilux, PerkinElmer,
Madrid, Spain). Nonspecific binding was determined in the presence
of 50 μM NECA (Sigma E2387).
A1AR competition binding experiments were carried out in a

multiscreen GF/C 96-well plate (Millipore, Madrid, Spain) pretreated
with binding buffer (Hepes 20 mM, NaCl 100 mM, MgCl2 10 mM, 2
U/mL adenosine deaminase, pH = 7.4). An amount of 5 μg of
membranes from the Euroscreen hA1 cell line was incubated with 1
nM [3H]DPCPX (8-cyclopentyl-1,3-bis(1,3-ditritiopropyl)-7H-purine-
2,6-dione) (120 Ci/mmol, 1 mCi/mL, PerkinElmer NET974001MC)
and the studied compound at 25 °C for 60 min and then filtered and
washed four times with 250 μL of wash buffer (Hepes 20 mM, NaCl
100 mM, MgCl2 10 mM, pH = 7.4), before measuring in a microplate
β scintillation counter (Microbeta Trilux, PerkinElmer, Madrid,
Spain). Nonspecific binding was determined in the presence of 10
μM R-PIA (Sigma P4532).
A2BAR competition binding experiments were carried out in a

polypropilene 96-well plate. An amount of 20 μg of membranes from
Euroscreen hA2B cell line was incubated with 25 nM [3H]DPCPX
(164 Ci/mmol, 1 mCi/ml, PerkinElmer NET974001MC) and the
studied compound at 25 °C for 30 min and then filtered and washed
four times with 250 μL of wash buffer (Tris-HCl 50 mM, EDTA 1
mM, MgCl2 5 mM, pH = 6.5), before measuring in a microplate β
scintillation counter (Microbeta Trilux, PerkinElmer, Madrid, Spain).
Nonspecific binding was determined in the presence of 1000 μM
NECA (Sigma E2387).
A3AR competition binding experiments were carried out in a

multiscreen GF/B 96-well plate (Millipore, Madrid, Spain) pretreated
with binding buffer (Tris-HCl 50 mM, EDTA 1 mM, MgCl2 5 mM, 2
U/mL adenosine deaminase, pH = 7.4). An amount of 70 μg of
membranes from HeLa-A3 cell line was incubated with 10 nM
[3H]NECA (27.6 Ci/mmol, 1 mCi/ml, PerkinElmer NET811250UC)
and the studied compound at 25 °C for 180 min and then filtered and
washed six times with 250 μL of wash buffer (Tris-HCl, 50 mM, pH =
7.4), before measuring in a microplate β scintillation counter
(Microbeta Trilux, PerkinElmer, Madrid, Spain). Nonspecific binding
was determined in the presence of 100 μM R-PIA (Sigma P4532).
Nonlinear fitting of the concentration−response curves was carried

out by using the GraphPad Prism 4.0 software (San Diego, CA, USA)
by applying a four-parameters logistic equation for deriving IC50
values. Ki values were calculated using the Cheng−Prusoff equation.
All Ki values are reported as the mean ± SEM.
Functional Assays for the A2AAR. Functional experiments were

carried out in a CHO cell line transfected with human A2A receptors by
measuring coupling to the Gs signaling pathway. Twenty-four hours
before the assay, 104 cells/well were seeded in a 96-well culture plate
(Falcon 353072). The cells were washed with wash buffer (Dulbecco’s
modified Eagle’s medium (DMEM) nutrient mixture F-12 ham (Sigma
D8062), 25 mM Hepes; pH = 7.4). Wash buffer was replaced by
incubation buffer (DMEM nutrient mixture F-12 ham (Sigma D8062),
25 mM Hepes, 20 μM Rolipram; pH = 7.4). The tested compounds
were added and incubated at 37 °C for 15 min. After incubation,
NECA (Sigma E2387) was added in several concentrations and
incubated at 37 °C for 15 min. After incubation, the amount of cAMP
was determined using cAMP Biotrak enzyme immunoassay (EIA)
system kit (GE Healthcare RPN225).
MAO-B and MAO-A Assays. The 24 compounds selected from

the from molecular docking screens were initially tested at MAO-B as
described previously (IC50 values in Table 1 and Table S4).24

Compounds 1 and 3 and analogs thereof were evaluated using a
slightly modified protocol (IC50 values in Table 2 and Table S8). The
human recombinant MAO-A and MAO-B enzyme expressed in
baculovirus infected BTI insect cells were purchased from Sigma-
Aldrich (84 U/mg, catalog no. M7316 and 71 U/mg, catalog no. M
7441, respectively). A volume of 5 μL (2-fold concentration) of human
MAO (final 1 U/mL for MAO-B and final 0.5 U/mL for MAO-A) was
delivered to the reaction plate (or well) containing the base reaction
buffer (50 mM Tris-HCL, pH = 7.5, 0.05% CHAPS, and 1% DMSO).
Compounds in concentrations ranging from 10−9 to 10−4 in 100%

DMSO were added to the enzyme mixture by acoustic technology
(Echo 550; nanoliter range). Samples were preincubated for 30 min at
room temperature. A mixture of 5 μL (2-fold concentration) of
tyramine (10 μM) with buffer was added to reaction wells, except in
the no substrate wells, to initiate the reaction, and samples were
incubated for 60 min at room temperature. For the detection step, 10
μL (2-fold concentration) of a premixture of horseradish peroxidase
(final 0.1 U/mL) and Amplex Red reagent (final 10 μM) was added to
the reaction mixture and fluorescence measurements of hydrogen
peroxide and consequently of resorufin were performed using
EnVision fluorescence reader (excitation 535 nm and emission 590
nm) over 30 min. In order to control for assay interference, the
experiments were carried out in the absence of enzyme but with H2O2
added (mimicking assay product). The MAO-B assays for compounds
1a and 3 were also performed in the presence of Triton X-100 (0.01%)
to rule out inhibition due to colloidal aggregation. All data were
analyzed using the GraphPad Prism 4.0 software (San Diego, CA,
USA). All IC50 values are reported as the mean ± SEM.

Cell Viability Measurement. Reagents for cell culture were
acquired through Life Technologies unless otherwise stated. Human
SH-SY5Y cells were grown in DMEM supplemented with 10% fetal
bovine serum (FBS), 2 mM L-glutamine, 100 μg/mL penicillin and
streptomycin. Cells were maintained at 37 °C with 95% humidified air
and 5% CO2. Cells were grown to a confluency of 70−80% and then
seeded into 96-well plates (Corning) at a density of 2.5 × 104 cells/
well with phenol-red free DMEM, in 1% FBS, 200 μM L-glutamine,
100 μg/mL penicillin−streptomycin and with 10 μM retinoic acid
(Sigma) for 72 h to stimulate differentiation into dopaminergic
neuronal-like cells. Cells were then pretreated with the compounds
diluted in DMSO (0.1% v/v, Sigma) for 3 h before the addition of 20
μM 6-OHDA (Sigma) for 24 h. 6-OHDA was freshly prepared and
diluted in 0.9% sodium chloride (Fresenius-Kabi) and 0.007% ascorbic
acid (Sigma). In the cell viability measurements, resazurin (0.02 mg/
mL final concentration, Sigma) was added to each well 24 h after 6-
OHDA exposure and further incubated for 2 h. Afterward,
fluorescence intensity was examined at an excitation of 540 nm and
an emission of 590 nm (Spark, Tecan).
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