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Deciphering Imidazoline Off-Targets by Fishing in the Class
A of GPCR field

Teodora Dijikic@l, Jelica Vucicevicl@, Jonne Laurilal®l, Marco Radil®l, Nevena Veljkovicl¥, Henri Xhaard(®land Katarina
Nikolic*[l

Abstract: Based on the finding that a central
antihypertensive agent with high affinity for 11-type
imidazoline receptors — rilmenidine, shows cytotoxic
effects on cultured cancer cell lines, it has been suggested
that imidazoline receptors agonists might have a
therapeutic potential in the cancer therapy. Nevertheless,
potential rilmenidine side effects caused by activation of
a-adrenoceptors, or other associated receptors and
enzymes, might hinder its therapeutic benefits.
Considering that human a-adrenoceptors belong to the
rhodopsin-like class A of G-protein-coupled receptors
(GPCRs) it is reasonable to assume that imidazolines
might have the affinity for other receptors from the same
class. Therefore, to investigate possible off-target effects
of imidazoline ligands we have prepared a reverse
docking protocol on class A GPCRs, using imidazoline
ligands and their decoys. To verify our in silico results,
three ligands with high scores and three ligands with low
scores were tested for antagonistic activity on as-
adrenoceptors.
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1 Introduction

Centrally acting hypotensive imidazoline derivatives, such
as clonidine, rilmenidine and moxonidine, produce their
activity through activation of az-adrenoceptors and I1-
imidazoline receptors (11-IR)." Clonidine acts as an agonist
of both receptors, whereas the new generation
antihypertensive agents moxonidine and rilmenidine have
more affinity towards 11-IR receptors and show less side
effects than clonidine.> Recently, it has been found that
imidazoline derivatives have other important biological effects,
not related to cardiovascular regulation, such as control of
apoptosis and cell proliferation.® Previously, we have
demonstrated that rilmenidine induces apoptosis through
deactivation of the Ras/MAP kinases ERK, p38 and JNK thus
exhibiting proapoptotic and antiproliferative effects in cultured
human leukemic K562 cells.” Unfortunately, due to its
pharmacological effects resulting also from as-adrenoceptor
activation, rilmenidine cannot be considered a suitable
anticancer drug candidate. Therefore, we have designed and
identified several rilmenidine derivatives with anticancer
potential and without an agonistic activity on a2- adrenoceptor.
The carbazole 5a, shown in Figure 1 resulted the most
promising candidate. Moreover, the structure of compound 5a
is similar to the structure of tricyclic antidepressants, which are
known to have good affinities towards amine GPCRs in
general.®

The structure of [1—IR protein (Uniprot code Q9Y2I1) has not
been solved to date. Since az-adrenoceptor and monoamine
oxidase are known to bind imidazolines, it was thought that 11-
IR might be structurally similar to these proteins.® Several
experimental studies have suggested that |1 imidazoline sites
might be coupled to a G-protein and might therefore also
belong to the superfamily of G-protein-coupled receptors. 1011
However, by cloning, imidazoline receptor antisera-selected
IRAS gene was discovered, and the similarity between 1—IR
and az-adrenoceptor or monoamine oxidase was not found.®
I1-IR possesses several domains involved in protein—protein
interaction. It is attached to the plasma membrane by a
phosphoinositide-3-phosphate-binding domain in its N-
terminus region - phox homology domain, and by the a5
subunit of the fibronectin receptor.'?-'5 Activation of G proteins
due to binding imidazoline compounds to 11—IR proteins might
be caused by the sensitivity of the imidazoline-specific binding
to GTP or its analogues'®'6-19 Additionally, effects of
imidazoline ligands on classical second messenger systems
of G protein-coupled receptors (CAMP or inositol-phosphates
and diacylglycerol-DAG) have been noticed in other animal
models.?°

GPCRs have 7 TM (seven transmembrane) domains
connected by three extracellular and intracellular loops and
share a small-molecule binding site located in the outer part
of 7 TM domain. There are 6 classes within GPCR superfamily
(A, B, C, F and Taste). Even though a similarly positioned
pockets exist in classes B, C and F and they share conserved
fold with 7 TM, their binding sites are positioned in a different
way to class A.2"22 In addition to the binding site location, the
GPCRs from class A also have some binding site similarities.
For example, aspartic acid at the position 3.32 is fully
conserved in biogenic amine receptors, and it forms the salt
bridge with positively charged nitrogen of ligand. Since
imidazoline derivatives are positively charged on the
physiological pH 7.4, we might assume that they could form a
salt bridge with aspartic acid residue (or other negatively
charged amino acid residues near the binding pocket) of
GPCRs. Taking into consideration all abovementioned, it was
reasonable to assume that imidazoline derivatives might also
show affinity towards other members of rhodopsin-like (class
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A) GPCR family. Therefore, continuing our work we have
decided to analyze the affinity of our imidazoline derivatives
on class A GPCRs in search for potential off-target effects.
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Figure 1. 2D structures of imidazoline compounds with different activity on az-
adrenoceptors. Clonidine and lofexidine are agonists of az-adrenoceptors;
idazoxan and efaroxan are antagonists, and 5a and 7a are newly synthesized

compounds whose type of activity on a2 adrenergic receptors is yet to be
determined.

In silico target fishing is a computational chemistry method
that allows prediction of novel biological targets for small
molecules.?32* There are four main approaches: chemical
similarity search, data-mining, bioactivity spectra and reverse
docking.?® Unlike the first three approaches, which are ligand
based, reverse docking relies on the 3D structure of target
protein and provides insight into receptor-ligand binding that
might help further optimization and modification of the lead
compound.?® So far, several successful stories have been
published that have used this approach for the off-target
identification.?6?” One of the first applications of reverse
docking protocol was for identification of targets for natural
products.?8-30 However, there are some limitations and
several issues that are related to reverse docking methods,
for example, target structure dataset construction problem,
and inability to include receptor flexibility due to high
computational cost.?!
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GPCR structure dynamically fluctuates between different
conformational states, stabilized by partial agonists, full
agonists, antagonists and inverse agonists. Structural
differences between active and inactive state are large at the
binding site of the G protein: transmembrane domains TM 5
and TM 6 move out by 10-14 A to open the cavity. Additionally,
there is a 2 A inward movement of the binding site and a slight
1 A upward movement of TM 3.2 Accordingly, the protocol
intended to be used for identification of agonists, partial
agonists and antagonists should use active, intermediate and
inactive 3D structures, respectively. The majority of GPCRs
that have been crystalized so far, were crystalized in
antagonist-bound, inactive conformation. Crystallization in
active state is more challenging, and the number of available
active 3D structures is significantly smaller. The only X-ray
structure of fully activated GPCR in complex with G protein
published is B2-adrenoceptor in complex with Gs protein.3? Up
to now, a number of X-ray structures of active states class A
GPCRs with engineered G-protein, G-protein mimetic, or a
nanobodies were published: adenosine A2A receptor,® p-
opioid receptor®*, angiotensin 1l type 1 receptor®®, etc.
However, the number of available 3D inactive structures still
remains significantly higher. Consequently, it is rational to
assume that the homology models of inactive states GPCRs
are more precise, and thus inactive conformations can be
utilized with more confidence. Therefore, we have prepared
the off-target screening protocol mostly using inactive
structures.

In our previous work, several novel rilmenidine-derived
compounds, lacking az-adrenoceptor agonistic activity have
been identified (e.g. 5a,7a Figure 1).8 Considering that human
a-adrenoceptors belong to the rhodopsin-like class A of
GPCRs, it is reasonable to assume that these ligands might
have the affinity for other receptors from the same class. Early
identification of possible off-target effects could help us to
select the best possible candidates for further studies. To
investigate possible off-target effects of our candidates we
have set-up a reverse docking protocol on 107 GPCRs, using
63 imidazoline ligands and their 670 decoys. Since the crystal
structures all of receptors included were in their inactive state,
this protocol may be suitable for identification of receptors
antagonized by imidazoline ligands. To better assess the
affinity of our candidates for chosen receptors, we compared
docking scores of imidazolines and known antagonists.
Finally, to verify our in silico results, three ligands with high
scores and tree ligands with low scores were experimentally
tested for antagonistic activity on az-adrenoceptor.

2 Materials and Methods
2.1 Virtual Target Screening (VTS)

To identify interacting receptors (off-targets) for specific
imidazoline ligands, a reverse docking study was performed.
We have docked 63 imidazoline ligands®3® (Supplementary
Materials 1 — SM1) and 670 decoy into 107 GPCRs of
rhodopsin-like family using Schrédinger software.3” Decoys
were generated using DUD-E webserver
(http://dude.docking.org/ )8 and for each ligand roughly 10
decoys were selected. Decoys formation is based on similar
physical properties but different chemical structure from
ligands, and they are normally applied to validate the model.
However, in our study the set of decoys was used to determine
interacting receptors that bind imidazoline ligands better than
decoys. Ligands and decoys were prepared using “LigPrep”
protocol of Schrodinger suite, with OPLS3 (Optimized
Potential for Liquid Simulations) force field®®. Dominant forms
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at pH 6-8 were generated using Epik (Empirical
pKa Prediction)*® and stereoisomers with specified chirality
were retained.
From the group of Class A Rhodopsin-like GPCRs, we have
chosen 107 GPCRs for off-target study (27 X-ray structures
and 80 homology models). 3D models for proteins with known
X-ray structure were obtained from PDB database
(https://www.rcsb.org/ ). It must be noted that new 3D models
might have been published in the time window between writing
and publishing this article. Homology models were
downloaded from GPCR database (http://gpcrdb.org/ ).#" In
order to obtain reliable results it is very important to define the
correct binding site. Homology models were aligned with X-
ray structure of the same family using “Protein alignment”
protocol in Schrédinger suite. For example, histamine
receptors H2, H3 and H4 were aligned with crystal structure
of histamine receptor H1, and so on. The coordinates of
associated ligand from crystal structure (reference ligand)
were taken as a centre of the binding pocket, and the same
coordinates were used for homology models within the same
family.#243 In the case of a-adrenoceptors, with no available
corresponding crystal structure, the coordinates of aspartic
acid D3.32 were used as a centre of the grid box. The outer
grid box was set to be 20 A, and inner grid box was set to be
10 A in all directions.
Receptors were cleaned, all the waters were removed and
they were prepared using “Protein Preparation Wizard"#4.
They were optimized in OPLS3% force field by using
PROPKA% on pH=7. Reverse docking was performed with
XGlide®” protocol with following parameters standard
precision (SP), Ligand vdW scale factor: 0.80, cutoff for a good
RMSD 2.0 A. Afterwards, docked compounds were ranked,
based on SP scoring function®” - an empirical scoring
function*® that approximates the ligand binding free energy
(Equation 1.).

AGbind = Clipn—lipozf(rlr) + Chbond—neut—ne Zg(Ar)h(AO()
+ Chbund—neut—ch Zg(AT‘)h(A(X)
+ Chbond—charged—charyedzg(Ar)h(Aa)
+ Cmax—metal—ionzf(rlm) + Crothrotb
+ Cpnlar—phoprolar—phob +
+ Coawevaw + Solv.term
Equation 1: Free energy of binding (AGying) is the summation over all
ligand-atom/receptor-atom pairs energies defined as lipophilic (Ciipo-
ipo2 f(rir)), all ligand-receptor hydrogen-bonding interactions — neutral
and Charged (Chbond-neu(-neutzg(Ar)h(Aa)| Chbond-neut—chargedzg(Ar) h(A(l),
Chbond-charged-chargea2 9(Ar) h(Aa)), metal-ligand interaction term (Cpax-
metal-ion 1(m)), rotatable — (Cromirotb), polar but non-hydrogen-bonding
atom (Cpolar-phobvpolar-phob), contributions from the Coulomb and vdwW
interaction energies between the ligand and the receptor (Coougcou +
C.awevaw) and solvatation terms (calculated by docking of explicit water
into the binding site for each competitive ligand pose and measuring
the exposure of various groups to it), where r represents the atomic
distance, while f, g, and h are functions that give a full score (1.00) for
distances or angles that lie within nominal limits and a partial score
(1.00-0.00) for distances or angles that lie outside those limits but
inside larger threshold values.

coulEcoul

2.2 Off-target receptor selection

Obtained reverse docking results were further used to create
Receiver  Operating  Characteristic  (ROC)  curves.
Subsequently, Area Under the Curve (AUC) as well as early
Enrichment Factor on 1% and 10% (EF1, EF10), were
calculated using Rocker (http://users.jyu.fi/~pentikai/rocker/ ).
ROC curve is a graphical plot that illustrates the diagnostic
ability of some binary classifier system. AUC value of a ROC
curve gives the probability of detection. Enrichment factors
can be calculated for the top X % of the results, (Equation 2).47
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Ligs_all

Mols_all

Equation 2: calculation of early enrichment factor (EFx) where
LigsX%, MolsX%, Ligsaiand Mols,, are the number of the ligands in
the top X% of the screened compounds, the number of the molecules
in the top X% of the screened compounds, the total number of the
screened ligands, and the total number of the screened molecules,
respectively.

EFx =

The ROC curve AUC value itself does not always
straightforwardly provide detailed information about the early
enrichment, but the visualization of its plot or calculation of the
EF can give useful information about the enrichment of the
active molecules. ROC AUC value reported together with
early enrichment (EFx) enables a realistic estimate about the
capability of the classifier to separate active from inactives.*’~
49 This is usually employed for evaluation of Virtual Screening
(VS) models, e.g. to check how well the model differentiates
between active and inactive compounds.*” However, in our
study, ROC and early enrichments were used to detect which
GPCRs are more favoured by imidazoline ligands comparing
to decoys.

2.3 Validation of
adrenoceptors

To validate and decide on a correct protocol for further off-
target selection three compounds with high (efaroxan,
idazoxan and 5a) and three compounds with low (clonidine, p-
iodclonidine and lofexidine) predicted activity on all three
subtypes of az-adrenoceptor were selected. These ligands
were docked into all three subtypes of ax-adrenoceptor along
with known ligands of these receptors obtained from CHEMBL
database (https://www.ebi.ac.uk/chembl/). Docking was
performed in Schrodinger suite using two different scoring
functions: standard precision (SP) and extra precision (XP).%
The XP scoring function (Equation 3.) does more extensive
sampling than SP scoring function. It employs a more
sophisticated scoring function, with greater requirements for
ligand-receptor shape complementarity. This extensive XP
procedure leads to lower number of false positives than SP
Score. However, XP penalizes ligands that do not fit well to
the exact receptor conformation used. Therefore, XP scoring
function is recommended for docking to multiple receptor
conformations.%®

docking protocol using a2-

XP score = Ecou1 + Evaw + Epina + Epenalty

Ebind = Ehyd_enclosure + Ehb_nn_motif + Ehb_cc_motif + Epi
+ Ehb_pair + Ephobi _pair
Epenalty = Edesolv + Elig_strain

Equation 3: XP score represents a sum of Coulomb (Egu), van der
Walls (E.qw) forces, binding energy (Euing) and energy penalty (Epenaity)-
Binding energy is sum of improved energies of hydrophobic enclosure
(Ehyd_enciosure),  Of  special neutral-neutral hydrogen bond motif
(Enb_nn_motit), Special charged-charged hydrogen bond motif (Enp_nn_motir),
hydrogen bond pair (En_pair), lipophilic ligand atoms pair (Eghobic_pair)-
Penalizing binding energy is a sum of desovatation penalties (Egeson)
and contact penalties (Eig_strain). >

Since X-ray structures of as-adrenoceptors have not been
resolved yet, an in vitro study was performed for their
validation. Accordingly, in addition to in silico studies,
abovementioned six ligands were tested on their as-
adrenergic activity in vitro.

2.4 Additional off-targets selection

The off-target affinity profile of efaroxan, idazoxan and 5a was
further evaluated on ten GPCRs, which were singled out as
off-targets. In order to predict their binding affinity, we have
compared their docking scores with the scores of known
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ligands of the chosen off-target receptors. Compounds were
docked into selected receptors along with known ligands
obtained from CHEMBL database
(https://www.ebi.ac.uk/chembl/).5'-57 Docking was performed
in the same manner as mentioned in chapter 2.3, using two
different scoring functions: standard precision (SP) and extra
precision (XP).%0

2.5 Cell culture

CHO cells stably expressing human a2a-adrenoreceptors
were cultured as described previously.5® Before the functional
[35S]GTPyS binding assays, the cultured cells were tested for
their capacity to bind the a,-AR antagonist radioligand [*H]RS-
79948-197 (GE Healthcare, London, UK). Confluent cells
were harvested into chilled phosphate-buffered saline,
pelleted and frozen at —70 °C.

2.6 Membrane preparation

All procedures were performed on ice. CHO cell pellets were
thawed and suspended in hypotonic lysis buffer (10 mM Tris—
HCl, 0.1 mM EDTA, 0.32 mM sucrose, pH 7.4) and
homogenised using an Ultra-Turrax homogeniser (3 x 10 s at
8000 rpm). The homogenate was centrifuged at 180 g for 15
min to remove cell nuclei, unbroken cells and aggregates. The
supernatants were pooled and centrifuged at 50,227 g for 30
min. The pellet was washed with TE buffer (10 mM Tris, 0.1
mM EDTA) and re-centrifugated as above. The membranes
were then suspended in TE buffer, aliquoted and stored at —
70 °C until used. Protein concentrations were determined with
the method of Bradford using bovine serum albumin as
reference.%®

2.7 [35S]GTPYyS binding assay

Agonist-induced stimulation of [®S]GTPyS binding was
measured essentially as described previously.?° Briefly,
membranes were thawed and diluted with binding buffer (25
mM Tris, 1 mM EDTA, 5 mM MgClz, 20 mM NaCl, 1 yM GDP,
1 mM DTT, 30 uM ascorbic acid, pH 7.4). Incubations were
performed on 96-well Millipore MultiScreen MSFBN glass-
fibre filter plates. Samples containing 5 pg of membrane
protein were incubated with 7 or 8 serial dilutions of the test
compounds and 0.1 nM [3¥S]GTPyS. Reactions were
terminated after 30 min incubation at RT by rapid vacuum
filtration using a Millipore MultiScreen Vacuum Manifold. The
filter plates were washed three times with ice-cold wash buffer
(20 mM Tris, 1 mM EDTA, 5 mM MgCl,, pH 7.4). Filters were
dried and 50 ul SuperMix scintillation cocktail was added into
each well. The incorporated radioactivity was measured using
a MicroBeta2 microplate counter (PerkinElmer). All
experiments were performed in duplicate and repeated at
least three times. Analysis of the results with GraphPad Prism
software yielded estimates of agonist potency (ECso) and
efficacy (intrinsic activity in comparison to the natural full
agonist adrenaline).

3 Results

3.1 Validation of reverse docking protocol

Reverse docking was validated by analysing the score, rank
and root mean square deviation (RMSD) from the reference
ligands (Supplementary Materials 2. — SM2). As mentioned
above, reference ligands were taken from the X-ray crystal
structures. Most of the reference ligands were ranked among
the top 1% of screened compounds for its receptor (majority
was ranked 1%t), and had root mean square deviation (RMSD)
from crystal structure of less than 2 A. For the receptors whose
crystal ligands did not rank in the first 1%, additional
interactions with water molecules or with adjuvant compounds
used for the crystallization were noticed. Low ranking of
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reference ligand for chemokine CxC receptor 4 (PDB
accession code: 30DU) (antagonist IT1t which was ranked
55t of all screened compounds), was due to the interaction of
this ligand with 9 molecules of crystal water in the binding
pocket. Furthermore, crystal ligand of neuropeptide receptor
1 - NP1 (PDB code: 5ZBH) had high docking score and was
rank 13t of all the screened compounds, but it had a large
RMSD (12.7 A) most probably because of the numerous
torsional angles of the ligand. Nonetheless, due to low ranking
of reference ligand and/or large RMSD from crystal ligand, all
the receptors from chemokine CxC motif and Neuropeptide
receptor family were excluded. XGlide scores, rankings and
RMSD values for reference ligands along with detailed
analysis of binding modes of and protein-ligand interactions
are shown in Supplementary Materials 2. — SM2.

3.2 Off-target receptors selection

For the selection of off-target receptors, ROC curves were
created, and subsequently AUC and early Enrichment Factors
(EF1% and 10%) were calculated. All the results are
represented in Supplementary Materials 3 (SM3). For thirty-
two receptors, ROC curve AUC was larger or equal to 0.5. The
cut-off 0.5 for AUC which indicates that imidazoline ligands
and decoys bind equally for the corresponding receptor. AUC
larger than 0.5 means that imidazoline ligands are preferred
by these 32 receptors over the respective decoys. These 32
receptors are potential off-targets for the examined
imidazoline ligands (Table 1). However, as mentioned above,
the ROC AUC value does not directly give detailed information
about the early enrichment.*’ If sole ROC AUC value were to
be followed, we could have missed out interesting off-target
GPCR receptors. However, early enrichment factor (EF10%)
suggests that there is a considerable number of ligands of
interest in the first 10% of results. Therefore, we have ranked
32 candidate receptors based on EF10% and selected twenty
receptors with highest EF10% as off-targets (Table 2).
Further, we have examined the literature in search of
experimental results that would confirm our aforementioned
findings. Majority of the in vitro studies for imidazoline ligands
were carried out on imidazolines I1 receptors and a-
adrenoceptors, (mainly on az-adrenoreceptors) while the
information on imidazoline ligands binding other GPCRs is
rather obscure. On the other hand, the X-ray structures for a-
adrenoceptors have not been published yet, and we did not
have a reference ligand to use for the validation. We decided
to validate them by comparing in silico and in vitro
experimental results. In the Supplementary Materials 4 (SM4),
we have compared the reverse docking scores and rankings
of selected imidazoline ligands with the experimental results
that we found in literature for az-adrenoceptors
(https://pubchem.ncbi.nim.nih.gov/,
https://www.ebi.ac.uk/chembl/). According to Sl4, az-
adrenoceptor antagonists: idazoxan®!, benazoline,
BDF6143%2, and efaroxan were listed in the first 30% of our
screening results. Furthermore clonidine, moxonidine,
lofexidine and p-iodclonidine were ranked low. These
compounds also have the affinity for az-adrenoceptors, but
they are agonists, which could be presumably the reason they
did not show good binding for the inactive conformation of a,-
adrenoceptors. As we have already pointed out, inactive
conformations of GPCRs was used, making this protocol more
suitable for identification of antagonistic activity on off-target
receptors. In addition to a-adrenoceptors, idazoxan was
tested for antagonistic activity on dopaminergic receptors
(https://pubchem.ncbi.nlm.nih.gov/bioassay/488981) as well
as opioid u receptor®®, and proved to be inactive. These
receptors were not selected as potential off-targets by our
protocol. Moreover, XGlide scores and rankings of idazoxan
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were low for dopamine D1, D2 and D3 receptors, which is in
agreement with experimental results (Table 3).

Table 1. Selected GPCRs with AUC = 0.5 and enrichment factor
(EF10%)

GPCRs AUC EF10%
Free fatty acid receptor 1 0.7 2.51
Sphigosine-1-phosphate receptor 5 0.66 2.35
Serotonin receptor 5-HTsa 0.64 249
Endothelin receptor A 0.61 1.6
aza-adrenoceptor 0.6 1.78
Serotonin receptor 5-HT7 0.58 272
Dopamine D4 receptor 0.58 245
Purinoreceptor P2Y6 0.58 1.73
Chemokine CC motif receptor 10 0.58 1.07
Serotonin receptor 5-HT1s 0.57 1.6
aia -adrenoceptor 0.56 1.64
Sphingosine-1-phosphate receptor 4 0.56 1.57
azc -adrenoceptors 0.56 1.3
Protease Activated receptor 1 0.56 1.28
Purinoreceptor P2Y1 0.56 1.1
azs-adrenoceptor 0.55 1.46
Purinoreceptor P2Y2 0.54 0.87
Endothelin receptor B 0.53 1.28
Prostaglandin receptor E2 0.53 1.25
Serotonin receptor 5-HT1F 0.53 1.24
Serotonin receptor 5-HT2s 0.53 1.24
a1s-adrenoceptor 0.52 1.92
Adenosine A1 receptor 0.52 1.75
Nociceptine/orfanin receptor 0.52 1.66
Dopamine D5 receptor 0.52 1.55
Lysophosphatidic acid receptor 5 0.51 1.4
Dopamine D1 receptor 0.51 0.92
Serotonin receptor 5-HT4 0.51 0.31
Serotonin receptor 5-HTza 0.5 3.08
Purinoreceptor P2Y12 0.5 0.94
Lysophosphatidic acid receptor 3 0.5 0.79
Serotonin receptor 5-HT1a 0.5 0.79

Table 2. 20 proteins, selected based on EF10%, as potential off-
targets of imidazoline ligands.

GPCRs EF10%
Serotonin receptor 5-HT2a 3.08
Serotonin receptor 5-HT7 272
Free fatty acid receptor 1 2.51
Serotonin receptor 5-HTsa 2.49
Dopamine D4 receptor 245
Sphigosine-1-phosphate D5 receptor 2.35
aie-adrenoceptor 1.92
aza-adrenoceptor 1.78
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Adenosine A1 receptor 1.76
Purinoreceptor P2Y6 1.73
Serotonin receptor 5-HT1b 1.60
Nociceptine/orphanin receptor 1.66
aia-adrenoceptor 1.64
Endothelin receptor A 1.60
Sphigosine-1-phosphate receptor 4 1.57
dopamine D5 receptor 1.55
azs-adrenoceptor 1.46
Lysophosphatidic acid receptor 5 1.40
azc-adrenoceptor 1.30
Protease activated receptor 1 1.28
Endothelin receptor B 1.28

*Off-target proteins were selected based on EF ranked by the
EF10%, with AUC under the 5 and AUC ROC. X-ray structures
are marked in bold; their reference ligand reverse docking score
and rankings along with the root mean square deviation (RMSD)
from the crystal ligand are presented. For homology models
ligands from the receptor of the same subfamily were taken as
reference ligands.

Table 3: Comparison of in silico results with in vitro results
obtained from CHEMBL

GPCR Family AUC  EF10% XGlide XGlide activity
score rank
Dopamine D1 s ine 051 0.92 5.92 133 1C50>1000
receptor
Dopamine D2 .
i Amine  0.43 031 -5.06 259 1C50>1000
Dopamine D3 ppine .44 171 461 488 1C50>1000
receptor
1 Opioid S0G 047 107 -4.56 o7 inactive

receptor

*ROC, EF10%, reverse docking (XGlide) scores and rankings of
idazoxan on dopaminergic D1, D2 and D3, and p opioid
receptors, and the comparison with experimental results. These
results can represent a negative control- proteins that are not
off-targets of idazoxan were not chosen by the protocol.

3.3 Validation of
adrenoceptors

Six ligands (efaroxan, idazoxan, 5a, clonidine, p iodclonidine,
and lofexidine) were selected for further testing on ao-
adrenoceptors.

The docking results (SP and XP docking scores) of selected
ligands in az-adrenoceptors are shown in Table 4. Docking
scores of efaroxan, idazoxan and 5a were comparable with
docking scores of known ligands for these receptors
(Supplementary Materials 5 - SM5). Based on the SP and XP
docking scores and their correlation with in vitro pKi values of
known ligands, obtained from CHEMBL database, we
concluded that SP scores had better correlation with
experimental results. We might suggest that this is due to the
XP scoring function, which has greater requirements for
ligand-receptor shape complementarity and penalizes ligands
that do not fit well to the exact receptor conformation used.
Since we used only one receptor conformation obtained from
GPCR database, SP scores were more relevant to follow.
Therefore, based on SP score efaroxan, idazoxan and 5a
were ranked high and clonidine, p-iodclonidine and lofexidine
were ranked low.

On the other hand, compounds 5a and efaroxan had high SP
and XP scores for aza-, and azg-adrenoceptors. In the same
manner efaroxan and idazoxan scored highly with both scores
for agc-adrenoceptor. These compounds also showed low

docking protocol using a2-
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EC50 and efficacy (intrinsic activity in comparison to the
natural full agonist adrenaline) in vitro for abovementioned
receptors. Based on this, we may suggest that, if the
compound has high values of both SP and XP score it is highly
likely that it will show antagonistic activity in vitro.

Table 4. Comparison of in silico and in vitro results

aza-adrenoceptor

Compound Type PECSO T ene  mmk sre  sore
Clonidine Agonist 86?1(’0* 5043 -4.06 667 485 732
Lofexidine Agonist S e 452 602 502 -497
Jodelonidine Agonist 86‘?34* 46+3 405 671 440 492
Efaroxan Antagonist nd 01 6,67 55 595 525
Idazoxan Antagonist n.d. 0+3 -6.39 90 -6.38 -3.25
5a nd. A2 5.93 197 638 573
Adrenaline 76?(?5: 100

azs-adrenoceptor

7,24 ¢

Clonidine Agonist 018 23+1 -4.69 627 -4.79 -4.97
Lofexidine Agonist 762(;2! 50+3 526 424 518 -3.58
p- ' 743
lodclonidine Agonist 027 21+0 -4.31 635 -4.71 -4.96
Efaroxan Antagonist n.d. 0+0 -6.91 61 -5.71 -6.28
Idazoxan Antagonist n.d. 2+10 -6.68 98 -6.33 -6.62
4,87
5a 0.21 12+6 -6.83 72 -6.90 -7.45
" 6,74
Adrenaline 0,06 100
azc-adrenoceptor
L . 6,15 £
Clonidine Agonist 0.07 31 -4.89 526 -5.681 -4.97
-~ . 511+
Lofexidine Agonist 0,38 45 +13 -5.26 424 -5.207 -5.78
p- ' 6,33+ . ) ;
lodclonidine Agonist 1.0 139 4.31 635 4.755 6.13
Efaroxan Antagonist n.d. 1+3 -6.7 57 -7.081 -7.15
\dazoxan Antagonist 80 412 634 127 7 650
399
5a 0.10 1246 -6.41 110 -6.59 -5.0
" 6,26
Adrenaline 0.49 100
Correlation
with intrinsic 0.651 0.678 0.182
activity

*Intrinsic activity is represented as the % of adrenaline.
Antagonists had high docking score and were ranked in first 25%
of screened ligands, while agonists had low docking scores and
low ranking.

3.4 Comparison of in silico and in vitro results

As shown in Table 4, clonidine, efaroxan and 5a, showed
antagonistic activity on aga-adrenoceptors, in vitro. These
three compounds had good reverse docking scores and they
were ranked in the first 200 (~30%) of all the screened
compounds. On the other hand, a;a agonists clonidine,
lofexidine, and p-iodclonidine had low docking scores, and
were ranked below 600, which confirms that our model is
suitable for identification of antagonists, but not agonists.
Experimental results on azg receptors were also in agreement
with in silico results. The similar trend, as for aza receptors,
was noticed. Namely, 5a, efaroxan and idazoxan were ranked
in the first 100 of the screened compounds and have showed
antagonistic, or in case of 5a slight partial agonistic activity.
On the other hand, clonidine, lofexidine and p-iodclonidine
had stronger agonistic activity, and were ranked below 400 of
the screened ligands. Moreover, according to in silico results
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efaroxan, idazoxan and 5a were ranked in the first 30% of
screened compounds, and therefore chosen as ayc receptors
antagonists. They did show antagonistic/slight partial
agonistic activity in vitro. Furthermore, lofexidine which
showed agonistic potential in vitro was ranked 424.
Unfortunately, in vitro results for clonidine and p-iodclonidine
on ayc receptor were not totally in line with the in silico results.
Their intrinsic activity towards the axc was very weak in
comparison to the aza and azg-adrenoreceptor activity. Since
they were ranked below 500 of screened compounds, we
expected that they would show more agonistic activity.
However, experimentally they showed only a very low partial
agonistic activity, which did not fully agree with computational
results.

Based on everything mentioned above, for the compounds in
our set, we may conclude that Glide docking program
combined with the SP scoring function is able to retrieve
antagonist among the first 30% of compounds. On the other
hand, full agonists have low docking scores and are ranked
below 400/733 position. Accordingly, we have decided to use
SP docking scores for selection of additional off-targets.
Since, all the GPCRs models that were used were in their
inactive conformation, we were able only to identify
antagonists. Therefore, we may conclude, that the main
shortcoming of this protocol is its inability to include receptor
flexibility, due to the high computational cost. On the other
hand, this model has the ability to differentiate between
antagonists from agonists.

3.5 Additional Off-targets for efaroxan, idazoxan and 5a
Along with az-adrenoceptors, efaroxan, idazoxan and 5a were
ranked in first 30% for several other GPCRs. Receptors
shown in Table 5 might be interesting targets for these three
ligands. To further evaluate obtained results we have docked
selected imidazoline ligands and known active ligands to each
off-target receptor and compared the results to single out
receptors that are real off-targets for respective ligands.
Whenever SP docking scores of efaroxan, idazoxan and 5a
were comparable with known active compounds’ scores it was
marked as potentially active, whereas compounds with SP
scores lower than the lowest score of known compounds were
rejected. All the results are represented in Supplementary
Materials 6 (SM6). Off-target receptors that were selected
based on SP docking scores and ranking among the known
ligands are represented in Table 6.

Additionally, we have examined CHEMBL database for
experimental confirmation of in silico results. We were able to
find that idazoxan and efaroxan, which were chosen by our
off-target protocol, do have antagonistic effect on a4-
adrenoreceptors. For other GPCRs there were no
experimental data. Therefore, by continuing our studies, we
will perform additional in vitro testing on these targets. Results
of this study might be useful for understanding potential side
effects and/or finding novel indications of these imidazoline
ligands.

Furthermore, it is known that all of the GPCRs from biogenic
amines family have negatively charged aspartic acid D3.32 in
the binding pocket, which is involved in important electrostatic
interactions with positively charged ligands. We have
assumed that negatively charged amino acid residues, near
the binding pocket, could form the salt bridge with positively
charged imidazoline ligands. Our analysis of reverse docking
results have confirmed this assumption (Figures 2 and 3).
Moreover, from Table 5 it can be observed that the majority of
chosen off-target receptors for imidazoline ligands are
biogenic amines receptors (adrenergic, dopaminergic and
serotonergic). They all have the conserved aspartic acid at the
3.32 position and form the salt bridge with positively charged
imidazoline ligands, as shown in Figures 2 and 3.
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Figure 3. Interactions of efaroxan and idazoxan with selected
biogenic amines receptors. Positively charged amine of imidazoline is
building the salt bridge with the aspartic acid on the position D3.32 of
biogenic amine receptors. Serotonin 5-HT5A in complex with A)
efaroxan, and B) idazoxan; aia-adrenoceptors in complex with C)
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efaroxan, and D) idazoxan; Dopamine D4 receptor in complex with E)
efaroxan, and F) idazoxan.

Table 5: Possible additional off-targets for 5a, efaroxan and
idazoxan.

compound GPCRs Family );EE?: rank
Serotonin receptor 5-HT 18 Amine -6.68 22
Serotonin receptor 5-HT2a Amine -6.9 18
Serotonin receptor 5-HT7 Amine -6.69 30
Adenosine receptor A1 Amine -7.48 58
ata-adrenoceptor Amine -6.58 100
aza-adrenoceptor Amine -5.93 197
5a
azs-adrenoceptor Amine -6.83 72
azc-adrenoceptor Amine -6.41 110
Dopamine D4 receptor Amine -6.46 139
Dopamine D5 receptor Amine -7.05 12
Lysophosphatidic acid receptor 5 MECA -6.55 42
Protease activated receptor 1 Purine -8.49 44
Adenozin A1 receptor Amine -6.96 157
ata-adrenoceptor Amine -6.37 147
azs-adrenoceptor Amine -6.67 55
azs-adrenoceptor Amine -6.91 61
EFAROXAN azc-adrenoceptor Amine -6.7 57
Dopamine D4 receptor Amine -6.88 56
Nociceptine/orphanin receptor SOG -6.12 47
Protease activated receptor 1 Purine -7.88 96
Sphigosine-1 -phj‘)sphate receptor MECA 55 168
Serotonin receptor 5-HTsa Amine -6.01 29
Serotonin receptor 5-HT7 Amine -6.24 74
aia -adrenoceptor Amine -6.3 173
ais-adrenoceptor Amine -6.56 59
aza-adrenoceptor Amine -6.7 57
azs-adrenoceptor Amine -6.68 98
IDAZOXAN azc-adrenoceptor Amine -6.34 127
Free fatty acid receptor1 Purine -7.14 63
Lysophosphatidic acid receptor 5 Purine -6.5 82
Nociceptine/orphanin receptor SOG -5.59 74
Purinoreceptor P2Y6 Purine -4.88 73
Protease activating receptor 1 Peptide -7.24 177
Sphingosine-1-phosphate MECA 6.06 19
receptor 5

Table 6: Selected off-target proteins for efaroxan, idazoxan and
5a.

off-target GPCR Family compounds
Serotonin receptor 5-HT18 Amine idazoxan, 5a
Serotonin receptor 5-HT2a Amine idazoxan, 5a
Serotonin receptor 5-HTsa Amine idazoxan, 5a, efaroxan
Serotonin receptor 5-HT7 Amine idazoxan, 5a

Adenosine receptor A1 MECA 5a
aia-adrenoceptor Amine idazoxan, 5a, efaroxan
ais-adrenoceptor Amine idazoxan, 5a, efaroxan
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Dopamine receptor D4 Amine idazoxan, 5a, efaroxan
Dopamine receptor D5 Amine efaroxan, 5a
Nociceptine/orphanin receptor SOG /

4 Discussion

Using virtual target screening protocol, we have identified
several GPCRs that might be antagonized by three selected
imidazoline ligands: efaroxan, idazoxan and 5a. The usage of
structure-based method allowed us to predict the ligand
binding mode and to identify the most important interactions
between ligand and amino acid side chains in the binding
pocket. This information, taken from 3D structure, can be used
for modification and optimization of a lead compound, in such
way as to avoid interactions with undesirable proteins and/or
strengthen interactions with protein of interest. All GPCRs for
biogenic amines, have negatively charged aspartic acid at the
position D3.32 in the binding pocket. This amino acid is
involved in important electrostatic interactions with positively
charged ligands, because of which we have assumed that it
will form the salt bridge with positively charged imidazoline
ligands. Analysis of reverse docking results and receptor-
ligand interactions has confirmed this assumption. Majority of
chosen off-target receptors for imidazoline ligands are
biogenic amines receptor (adrenergic, dopaminergic and
serotonergic), which all have the conserved ASP amino acid
at the D3.32 position and form the salt bridge with positively
charged imidazoline ligands.

Structural differences between active and inactive states of
GPCRs are large at the binding site of the G protein. Therefore,
the protocol intended to be used for identification of agonists,
partial agonists and antagonists should use active,
intermediate and inactive 3D structures, respectively. Since
the majority of GPCRs that have been crystalized so far, were
crystalized in antagonist-bound, inactive conformation, most
of the GPCRs used to prepare this protocol were in their
inactive state. Consequently, this protocol is more suitable for
the detection of antagonistic activity. The comparison of in
silico and in vitro results showed that the compounds which
have antagonistic or partial agonistic activity towards the a,-
adrenoceptor have good docking scores and are ranked
among first 30% (~200/733) screened compounds. Full
agonists have low docking scores and are ranked below
400/733. Reverse docking results and ranking, and SP
docking scores correlated well with in vitro efficacy. Agonists
had low SP docking scores, whereas antagonists had high SP
docking scores. On the other hand, between XP docking
scores and efficacy we could not observe any correlation
whatsoever. This may be due to the penalties this scoring
function assigns to the ligands that do not fit well to the used
receptor conformation.

In our previous work we have identified novel rilmenidine-
derived compounds with anticancer potential and without
agonistic activity on az-adrenoceptor. We have shown that the
most active compound 5a exhibited a cytotoxic profile, similar
to that of rilmenidine, but did not have agonistic activity on ax-
adrenoceptors. Moreover, it significantly enhanced the
apoptotic response to doxorubicin, and may thus represent an
important tool for the development of better adjuvant
chemotherapeutic strategies for doxorubicin-insensitive
cancers. However, in our previous work we have only focused
on agonistic activity (ECso) on az-adrenoceptors.8 In this study,
we predict its antagonistic potential on these receptors, which
should be taken into consideration in further drug design.
Moreover, literature data supported our in silico results:
idazoxan and efaroxan do have antagonistic effects on ai-
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adrenoceptors, and these receptors were selected by our
protocol as potential off-targets.6465

In recent years, off-target fishing draw attention of many
researchers, and some success has been made in the
prediction of off-targets for certain compounds. It could be
used both for predicting side effects and for drug
repurposing.66-69 The protocol that we have described here
could be applied on all the small molecules, for the detection
of potential interactions with GPCRs of class A, in the early
stage of drug design process. Additionally, this protocol is
easily expandable, in a way that it is easy to add novel
receptors/subfamily of receptors as soon as the crystal
structures and/or 3D models become available. In this study
we have used 107 receptors, but taking into consideration the
speed of PDB databank growth, we might assume that in a
year’s time, this number might be considerably higher.

5 Conclusion

We have developed and validated a protocol for identification
of class A GPCRs, which might be antagonized by imidazoline
ligands. We have found potential off-target GPCRs for 3
selected compounds: 5a, efaroxan and idazoxan. Detailed
analysis of these off-targets and further in vitro studies could
be useful in finding novel indications or understanding side
effects of these drugs.

Additionally, this protocol for off-target selection and
identification is applicable to all the drug-like small molecules
and can be expanded with novel 3D structures of GPCRs. Due
to the greater availability of antagonist-bound inactive 3D
conformations compared to 3D models of agonist-bound
GPCR-G-proteins complexes, this model was prepared for the
identification of GPCRs that might be antagonized by ligands
used.

In the near future this protocol will be improved, thanks to the
rapid development of structural determination methods,
growing availability of active GPCR 3D models, as well as an
increase in computer power.
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