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Abstract: Schizophrenia is a mental illness of not adequately understood causes that is not 

satisfactorily enough treated by current antipsychotics. In search for novel potential 

antipsychotics we performed structure-based virtual screening aimed to identify new dopamine 

D2 receptor antagonists. We found compound D2AAK3 with affinity to dopamine D2 receptor 

of 115 nM. D2AAK3 possesses additional nanomolar or low micromolar affinity to D1, D3, 5-

HT1A, 5-HT2A and 5-HT7 receptors, which makes it a good hit for further development as a 

multifunctional ligand. The compound has also some affinity to M1 and H1 receptors. We used 

homology modeling, molecular docking and molecular dynamics to study interactions of 

D2AAK3 with its molecular targets at the molecular level. In behavioral studies D2AAK3 

decreases amphetamine-induced hyperactivity (when compared to the amphetamine-treated 

group) measured as spontaneous locomotor activity in mice. In addition, passive avoidance test 

demonstrated that D2AAK3 improves memory consolidation after acute treatment in mice. 

Elevated plus maze tests indicated that D2AAK3 induces anxiogenic activity 30 minutes after 

acute treatment, whereas this effect has no longer been observed 60 minutes after administration 

of the studied compound in mice. 

Keywords: antipsychotics; central nervous system diseases; dopamine receptors; G protein 

coupled receptors; schizophrenia; serotonin receptors. 
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GPCRs, G protein-coupled receptors; HEK293, Human embryonic kidney 293; i.p., 

intraperitoneal; IL, Index of latency; IP, Inositol phosphate; MD, Molecular dynamics; NCI, 

Non-covalent interactions; ND, Not determined; PA, Passive avoidance; POPC, 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocholine; s.c., subcutaneous; SEM, Standard error of the mean; SP, 

Standard Precision 

1. Introduction 

Schizophrenia is a chronic and disabling mental disorder that affects how the person 

feels, thinks, and behaves. It is characterized by deficits in thought processes, perceptions, 

emotional responsiveness and likewise distortions in language, sense of self and behavior. It 

often includes psychotic experiences, such as hearing voices and delusions. Schizophrenia 

begins typically in late adolescence or early adulthood (first symptoms are usually observed 

between the ages of 16 and 30) and is estimated to affect about 1% of the population. Mental 

disorders are the largest contributors to disability in young adults worldwide and schizophrenia 

has remained the 15th leading cause of years lived with disability (YLDs) among the global 

population over the last three decades (GBD 2017 Disease and Injury Incidence and Prevalence 

Collaborators, 2018).  

More than 50% of people with schizophrenia are not receiving appropriate care. 90% of 

people with untreated schizophrenia live in low- and middle-income countries. Lack of access 

to mental health services is an important issue. Furthermore, people with schizophrenia are less 

likely to seek care than the general population (O’Callaghan et al., 2010; Stępnicki et al., 2018). 

Untreated schizophrenia may lead to severe problems affecting various areas of life. 



 

 
 

Complications caused or associated with schizophrenia include: suicide, thoughts of suicide 

and suicide attempts, anxiety disorders, depression, self-injury, abuse of other drugs or alcohol, 

inability to work, legal and financial problems, social isolation, homelessness, health problems, 

aggressive behavior, being victimized. 

The causes of schizophrenia still remain unclear. They involve a combination of genetic 

and environmental factors – a person may be genetically predisposed to schizophrenia, but 

exposure to environmental factors, such as prenatal and perinatal stressors, childhood trauma, 

infectious agents, the urban environments, a lack of exposure to social interactions, 

socioeconomic status and life events, may be required to develop the disease. The main 

hypothesis to explain the pathomechanism of schizophrenia is based on the dopaminergic 

dysfunction. According to this hypothesis, changes in dopamine level in the mesolimbic 

pathway are associated with positive symptoms, whereas negative symptoms are related to 

changes in the mesocortical pathway. Other neurotransmitters considered to be involved in the 

pathogenesis of schizophrenia are glutamate and serotonin. Current treatment focuses on 

reducing symptoms of the disease. Antipsychotic drugs of the first generation act mainly as 

dopamine D2 receptor antagonists. Second generation drugs are multi-target D2 antagonists that 

possess additional and greater affinity for serotonin receptors, mainly 5-HT2A receptor, while 

multifunctional antipsychotic drugs that show partial or biased agonism activity at D2 receptors 

have been classified as third generation antipsychotics. Currently available antipsychotics have 

proven to be effective in reducing positive symptoms, such as hallucinations, delusions and 

thought disorders, but their effectiveness is lesser on negative symptoms such as social 



 

 
 

withdrawal, apathy and motivation problems as well as on cognitive impairments (Barnes et 

al., 2020; Stępnicki et al., 2018). 

The pathomechanism of complex diseases, such as schizophrenia, usually involves 

several different neurotransmitters and in such conditions selective drugs often turn out to be 

insufficiently effective. For a long time, the classical model of drug action where one medicine 

("magic bullet") targets one receptor was pursued as it was considered to be better than the 

model of non-selective drugs. It was due to presumption that drugs affecting only one certain 

receptor cause fewer side effects than in case of targeting several different receptors. However, 

in some complex conditions magic bullets are ineffective and hence scientists now focus on 

searching for multi-target drugs ("shotguns"), which fit to a number of receptors involved in 

the pathomechanism of a disease. In schizophrenia, the affinity for different aminergic GPCRs 

of multi-target agents may contribute to clinical efficacy on the different symptoms domains of 

the illness and cause fewer side effects comparing to more selective, first generation, drugs. 

Therefore, a tailored multi-target profile is currently desired for future, better antipsychotics. 

In order to identify novel ligands of dopamine D2 receptor, structure-based virtual 

screening was performed (Kaczor et al., 2016c). As a result of these studies, among others, 

compound D2AAK3 (Fig. 1) was found as a dopamine D2 receptor antagonist, with an affinity 

of 115 nM for this receptor. Moreover, the compound exhibits nanomolar or low micromolar 

affinity also for D1, D3, 5-HT1A, 5-HT2A and 5-HT7 receptors, what fulfills the assumptions of 

multi-target paradigm in drug discovery and makes D2AAK3 a promising candidate for a 

further development as a novel antipsychotic. Thus, we took a closer look at the properties of 



 

 
 

the found virtual hit. To assess interactions of the identified compound with its targets at the 

molecular level, different techniques of molecular modeling, such as homology modeling, 

molecular docking and molecular dynamics, were performed. In vivo studies were carried out 

in order to evaluate antipsychotic properties of D2AAK3 and its impact on memory 

consolidation and anxiety-like behavior in mice. 

2. Material and Methods  

2.1. In vitro studies 

2.1.1. Receptor binding assays 

Radioligand binding assays were performed on cell membrane preparations from cell 

lines stably expressing the human cloned receptors. Chinese hamster ovary K1 (CHO-K1) cell 

lines stably expressing human D2S, 5-HT2A or H1 receptors and human embryonic kidney 293 

(HEK293) cell lines stably expressing human 5-HT1A or 5-HT7 receptors were in-house 

available (Kaczor et al., 2016c; Varin et al., 2010), whereas CHO-K1 cell lines stably 

expressing human D1 or D3 receptors (Perkin Elmer, Waltham, MA, USA) and Chem-1 cell 

line stably expressing human M1 receptor (Millipore) were commercially available. 0.7 nM 

[3H]-SCH23390 (D1), 0.2 nM [3H]-Spiperone (D2), 1 nM [3H]-Spiperone (D3), 2 nM [3H]-8-

OH-DPAT (5-HT1A), 1 nM [3H]-Ketanserine (5-HT2A), 2 nM [3H]-SB269970 (5-HT7), 2 nM 

[3H]-Pyrilamine (H1) and 2 nM [3H]-Pirenzepine (M1) were employed as radioligands. Non-

specific binding was assessed in the presence of 1 µM butaclamol (D1), 10 µM sulpiride (D2), 

1 µM haloperidol (D3), 10 µM serotonin (5-HT1A), 1 µM metisergide (5-HT2A), 25 µM 

clozapine (5-HT7), 10 µM triprolidine (H1) and 200 µM pirenzepine (M1). Competition binding 



 

 
 

curves of compound D2AAK3 at the different receptors were constructed using six or seven 

different concentrations of compound, starting at 0.1 nM or 1 nM till full displacement or 100 

µM as maximal concentration were reached. Affinity (equilibrium dissociation constant (Ki) 

and pKi (-logKi) values) were calculated using Prism 6 software (GraphPad, San Diego, CA), 

by fitting the data from competition binding curves to a single binding site competition model 

using the equations logEC50 = log(10^logKi*(1+HotNM/HotKdNM)) and Y = Bottom + (Top 

- Bottom)/(1+10^(XLogEC50)), where Y is binding, HotNM is the concentration of radioligand 

in the assay, HotKdNM is the equilibrium dissociation constant (Kd) of the radioligand as 

determined in saturation binding experiments, and X is the logmolar concentration of unlabelled 

compound. 

2.1.2. Functional assay at D2 receptors 

The efficacy of D2AAK3 as agonist or antagonist of D2 receptors was evaluated in 

functional assays of cAMP signaling in the CHO-K1 cell line stably expressing the human D2S 

receptor employed in radioligand binding assays, following a protocol already described 

(Kaczor et al., 2016c, 2016d). Compound was initially assessed at 10 µM concentration either 

as agonist or as antagonist of 10 µM dopamine response. 10 µM dopamine was used as 

reference agonist in these assays. The potency (KB) of the compound as D2 antagonist was 

determined by Schild analysis of the effect of three different concentrations (150 nM, 1 µM and 

10 µM) of compound on the concentration-response curves of the agonist quinpirole (Kenakin,  

2014). 

 



 

 
 

2.1.3. Functional assay at 5-HT1A receptors 

The efficacy of D2AAK3 as agonist or antagonist of 5-HT1A receptors was evaluated in 

functional assays of cAMP signaling in the HEK293 cell line stably expressing the human 5-

HT1A receptor employed in radioligand binding assays, following a protocol already described 

(Kaczor et al., 2016d). Compound was assessed in concentration (0.1 nM – 100 µM)-response 

curves either as agonist or as antagonist of 3 nM 5-carboxamidotryptamine (5-CT) response. 5-

CT (1 pM – 10 µM) and methiothepin (0.1 nM – 10 µM) were used in these assays as reference 

agonist and antagonist, respectively. 

2.1.4. Functional assay at 5-HT2A receptors 

The efficacy of D2AAK3 as agonist or antagonist of 5-HT2A receptors was evaluated in 

functional assays of inositol phosphate (IP) production in the CHO-K1 cell line stably 

expressing the human 5-HT2A receptor employed in radioligand binding assays, following a 

protocol already described (Kaczor et al., 2016d). Compound was assessed in concentration 

(0.1 nM – 100 µM)-response curves either as agonist or as antagonist of 1 µM serotonin (5-HT) 

response. 5-HT (0.1 nM – 100 µM) and risperidone (0.01 nM – 10 µM) were used in these 

assays as reference agonist and antagonist, respectively. 

2.2. Molecular modeling 

2.2.1 Receptor structures 

To perform molecular docking the available X-ray structures of studied receptors were 

downloaded from PDBdb, and subsequently modified (if necessary) with Schrödinger software 

v. 2019-4. In particular, dopamine D2 receptor in complex with the antagonist risperidone (PDB 



 

 
 

ID: 6CM4 (Wang et al., 2018)), dopamine D3 receptor in complex with the antagonist 

eticlopride (PDB ID: 3PBL (Chien et al., 2010)), as well as serotonin 5-HT2A receptor in 

complex with the antagonist risperidone (PDB ID: 6A93 (Kimura et al., 2019)). In case of 

dopamine D1 (Kaczor et al., 2016d) and serotonin 5-HT7 receptor (Kaczor et al., 2020) the 

homology models were used as previously reported. Modeller v. 9.14 (Webb and Sali, 2016) 

was used to construct a homology model of serotonin 5-HT1A receptor in an active 

conformation. In this regard, the cryo-EM structure of serotonin 5-HT1B receptor, in complex 

with an agonist donitriptan (PDB ID: 6G79), was used as a template (García-Nafría et al., 2018). 

For sequence alignment (Edgar, 2004) the MUSCLE (Multiple Sequence Comparison by Log- 

Expectation) was used (the sequence identity was 51% and sequence similarity 68%). Modeller 

v. 9.14 generated a population of 100 models. Based on Discrete Optimized Protein Energy 

(DOPE) profiles obtained from Modeller v. 9.14 software the best model was selected. In 

addition, the biomolecules structures were preprocessed using the Protein Preparation Wizard 

of Maestro Release 2019.4 to optimize the hydrogen bonding network as well as to remove any 

possible artifacts. 

2.2.2. Compound preparation 

D2AAK3 was modeled using LigPrep module of Schrödinger software v. 2019-4 as 

described previously (Kaczor et al., 2016c, 2016d, 2016a, 2020; Kondej et al., 2018a, 2019). 

To determine the protonation state, Epik module of Schrödinger software v. 2019-4 was used. 

 

 



 

 
 

2.2.3. Molecular docking 

For molecular docking of D2AAK3 to the studied receptor models Standard Precision 

(SP) approach of Glide from Schrödinger v. 2019-4 was applied as described previously 

(Kaczor et al., 2016c, 2016d, 2016a, 2020; Kondej et al., 2018a, 2019). For each receptor 100 

poses were generated. Then, the final poses were chosen based on Glide docking scores and 

visual inspection of the poses that propose the interaction between the protonatable nitrogen 

atom of the ligand and conserved Asp 3.32. Maestro v. 2019.4 and PyMol v. 2.0.4 software 

were used to analyze the molecular modeling results. Non-covalent interactions maps of ligand-

receptor interactions were computed with NCIPlot v. 3.0 (Contreras-García et al., 2011) at the 

distance below 4 Å from the ligand and subsequently visualized with VMD v. 1.9.1 (Humphrey 

et al., 1996). 

2.2.4. Molecular dynamics 

The D2AAK3-receptor complexes were subjected to molecular dynamics with 

Desmond v. 3.0.3.1 (Bowers, 2006) as described previously (Kaczor et al., 2016d, 2016a, 

2020).  Briefly, the complexes were embedded in POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine) membrane, hydrated and ions were added in order to neutralize protein 

charges (to concentration of 0.15 M NaCl). The complexes were minimized and subjected to 

MD. In particular, first in the NVT ensemble (1 ns) and then in NPT ensemble (20 ns) with the 

protein backbone restrictions in each case. The production runs (200 ns) were performed in 

NPT ensemble with no restrictions. 

 



 

 
 

2.3. In vivo studies  

2.3.1. Animals 

The experiments were carried out on 2 month old, naïve Swiss male mice (Farm of 

Laboratory Animals, Warszawa, Poland), weighing 20–30 g. All experiments were carried out 

according to the National Institute of Health Guidelines for the Care and Use of Laboratory 

Animals and the European Community Council Directive for Care and Use of Laboratory 

Animals (2010/63/EU) and approved by local ethics committee (license 2/2015) as reported 

earlier (Kaczor et al., 2016d). Mice were maintained under standard laboratory conditions and 

were adapted to the laboratory conditions as described perviously (Kaczor et al., 2016d). 

2.3.2. Drugs 

D2AAK3 was purchased from Enamine (Z373926824), d-amphetamine sulphate and 

saline (0.9% NaCl) from Sigma-Aldrich (St. Louis, MO, USA). D-amphetamine was dissolved 

in saline, D2AAK3 and MK-801 (Tocris, USA) were suspended in 1% Tween 80 and 

subsequently diluted in saline (0.9%, vehicle). D-amphetamine was injected subcutaneously 

(s.c.) and D2AAK3 was administered intraperitoneally (i.p.). D2AAK3, d-amphetamine, MK-

801 and vehicle were freshly prepared before each experiment. Control groups received 

injections (vehicle) at the same volume and by the same route of administration as previously 

reported (Kaczor et al., 2020). 

2.3.3. Motor coordination evaluated by rotarod and chimney tests 

Motor coordination has been evaluated using the rotarod test and the chimney test based 

on the same procedures as described previously (Kaczor et al., 2016d). Both tests were 



 

 
 

performed 60 min after injection of D2AAK3 (100 mg/kg; i.p.) (n = 7-8) or vehicle (i.p.) (n = 

7-8), using the same group of mice (i.e., after rotarod test each mouse was placed to the chimney 

test).  

2.3.4. Spontaneous locomotor activity and amphetamine-induced hyperactivity 

D2AAK3 effect on mouse spontaneous locomotor activity was evaluated using an 

animal activity meter Opto-Varimex-4 Auto-Track (Columbus Instruments, USA), measured 

in a sound-attenuated experimental room. The Auto-Track System senses motion with a grid of 

infrared photocells monitoring animal movements. In particular, the arithmetic average of 

distance (cm) traveled by a mouse (± SEM) measured for each group were analyzed. Each 

mouse was placed to each cage for 60 min immediately after D2AAK3 (100 mg/kg; i.p.), 

amphetamine (5 mg/kg; s.c.) or vehicle (as a control). To determine whether D2AAK3 

influence on amphetamine-induced hyperactivity, each mouse received D2AAK3 (100 mg/kg; 

i.p.) or vehicle and 30 min later amphetamine (5 mg/kg; s.c.) or vehicle injection and then 

spontaneous locomotor activity was recorded for 30 min. 

2.3.5. Elevated plus maze (EPM) procedure 

D2AAK3 effect on anxiety-like behavior in mice was determined using the elevated 

plus maze (EPM). The experimental apparatus was shaped like a “plus” sign and consisted of 

a central platform, two open arms opposite to each other and two equal-sized enclosed arms 

opposite to each other. The maze, made of dark Plexiglas, was illuminated by dim light and 

elevated to a height of 50 cm above the floor. The EPM procedure was described in our previous 

work (Kaczor et al., 2016d). The percentage (%) of time spent in the open arms and % of open 



 

 
 

arm entries were determined. In addition, the closed arm entries were recorded as the indicator 

of mouse motor activity. In order to evaluate the acute injection of D2AAK3 on anxiety-like 

behavior the studied compound (100 mg/kg; i.p.) (n = 8-10) or vehicle (i.p.) (n = 8-10) was 

administered 30 and 60 minutes before the EPM test.  

2.3.6. Passive avoidance (PA) task 

D2AAK3 effect on long-term memory was evaluated in mice using the PA task. The 

PA apparatus consisted of two-compartment acrylic box, one illuminated with fluorescent light 

(8 W) and another darkened connected by a guillotine door. Entrance of the animal to the 

darkened box was punished by an electric foot shock (0.2 mA for 2 s). The PA procedure were 

described previously (Kaczor et al., 2016d). The animals received D2AAK3 (100 mg/kg; i.p.) 

or vehicle (control group) immediately after the PA test (Day 1), and those rodents were retested 

on Day 2 (24 h later). In a separate experiment, we provoked the schizophrenia-like behaviors 

(i.e., cognitive impairment  correlating with the cognitive symptoms of schizophrenia in 

humans) in mice by an acute administration of MK-801 (0.3 mg/kg) (Kruk-Slomka and Biala, 

2016). The animals received D2AAK3 (50 mg/kg; i.p.) immediately after the pretest (Day 1), 

and 15 min later MK-801. On the Day 2, the mice were retested as previously described. The 

changes in PA performance were expressed as the difference between retention (Day 2) and 

training (on Day 1) latencies (Kaczor et al., 2016d) and were presented as a latency index (IL). 

More specifically, IL was calculated for each animal and reported as the ratio as reported 

previously (Kaczor et al., 2016d). 

2.3.7. Statistical analysis 



 

 
 

The statistical analyses were performed by two-way analysis of variance (ANOVA) 

followed by the Newman-Keuls’s post hoc test and t-test to compare the differences between 

the studied drug and control group. Data were presented as mean ± SEM. The confidence limit 

of p<0.05 was considered statistically significant. 

3. Results 

3.1. In vitro studies 

3.1.1. Affinity profile of D2AAK3 at receptors of the antipsychotic receptorome 

We have previously reported the affinities of compound D2AAK3 at selected 

dopaminergic (D2, D1 and D3) and serotonergic (5-HT1A and 5-HT2A) receptor subtypes targeted 

by current antipsychotic drugs (Kaczor et al., 2016c) (Table 1), which were in the medium 

nanomolar range at 5-HT1A, D2 and 5-HT2A receptors. Here we have undertaken an extended 

pharmacological profiling of D2AAK3 at other receptors from the GPCR receptorome 

considered relevant for clinical efficacy and/or side effects of antipsychotics, that is serotonin 

5-HT7, histamine H1 and muscarinic M1 receptors. D2AAK3 displayed moderate affinity at H1 

receptors and low affinity at 5-HT7 receptors, whereas it did not show affinity for muscarinic 

M1 receptors. Affinity (pKi, Ki) values are given in Table 1. Examples of competition 

radioligand binding curves of D2AAK3 at the different receptors can be found in 

Supplementary Information, Fig. S1. 

3.1.2. D2AAK3 is a D2/5-HT2A antagonist with agonist efficacy at 5-HT1A receptors 

We have previously characterized D2AAK3 as a competitive antagonist of D2 receptors 

in in vitro cAMP assays of D2 function (inhibition of forskolin-stimulated cAMP, cyclic 



 

 
 

adenosine monophosphate, production) based on the results from Schild analysis (Kaczor et al., 

2016c). The antagonistic effect of three different concentrations of D2AAK3 on the 

concentration-response curves of the D2-like receptor full agonist quinpirole resulted in Schild 

plots with slope close to unity (-1.248; 95% Confidence Intervals -1.577 to -0.9191) and 

retrieved an antagonist potency of KB = 131 nM (Kaczor et al., 2016c) (Table 2). 

D2AAK3 was further functionally evaluated as agonist or antagonist of 5-HT1A and 5-

HT2A receptors. In in vitro cAMP assays of 5-HT1A function (inhibition of forskolin-stimulated 

cAMP production) in HEK293 cells expressing the human cloned receptor, the compound 

elicited a full agonist response (maximal response at the highest concentration evaluated (100 

µM) of 92.6%), whereas it showed low agonist potency (EC50 = 4246 nM) (Fig. 2A) (Table 2). 

The efficacy of D2AAK3 at 5-HT2A receptors was investigated in in vitro assays of 

inositol phosphate production in CHO-K1 cells expressing the human cloned receptor. The 

compound was unable to promote IP (inositol phosphate) production at the concentrations 

assayed (from 10-10 to 10-4 M), indicating lack of agonist efficacy, while the control agonist 5-

HT efficiently promoted IP production in a concentration-dependent manner (data not shown). 

On the contrary, D2AAK3 (from 10-10 to 10-4 M) fully antagonized the 5-HT (1 µM)–mediated 

IP production in a concentration-dependent manner, with an IC50 value of 247 nM, in good 

agreement with its affinity for the receptor (Fig. 2B, Table 2). 

3.2. Molecular modeling 

3.2.1. Receptor structures 



 

 
 

In the cases where X-ray structures of the receptors were available (dopamine D2 and 

D3 receptors, serotonin 5-HT2A receptor), they were used for molecular docking as described in 

the Materials and Methods section. In the case of dopamine D1 (Kaczor et al., 2016d) and 

serotonin 5-HT7 (Kaczor et al., 2020) receptors, previously published homology models were 

used. 

As D2AAK3 is an agonist of serotonin 5-HT1A receptor, the model of this receptor in 

active conformation was constructed. The model contains a disulphide bridge between Cys109 

and Cys187. The Ramachandran plot of the final homology model of the receptor is shown in 

Fig. 3. The plot confirms a very good quality of the constructed homology model. The only 

residue lying outside the allowed region is Gly105 (Gly (3.21) according to Ballesteros-

Weinstein nomenclature (Ballesteros and Weinstein, 1995). However, glycine has no side chain 

and can adopt phi and psi angles in all four quadrants of the Ramachandran plot. A very good 

quality of the constructed homology model is also confirmed by its superimposition with the 

homology model of serotonin 5-HT1A receptor in an active conformation available in GPCRdb 

(Pándy-Szekeres et al., 2018) built on the same template, resulting in root-mean-square 

deviation (RMSD) of the transmembrane region of 0.159 Å. 

3.2.2. Ligand-receptor-interactions 

 In order to study the interactions of D2AAK3 with respective receptors, molecular 

docking was carried out. The binding poses of the ligand are presented in Fig. 4. It can be 

observed that D2AAK3 adopts a similar binding pose in all the studied receptors with indazole 

moiety directing towards the extracellular vesibule and 3-(trifluoromethyl)phenyl group 



 

 
 

penetrating deeper into the binding pockets of the receptors. In case of all the receptors the main 

anchoring point is the electrostatic interaction between the protonatable nitrogen atom of 

D2AAK3 and the conserved Asp (3.32) from the third transmembrane helix. In case of 

dopamine D1 and D2 receptors the binding conformation of D2AAK3 is bent while it is more 

exteneded in the other molecular targets. 

 In case of dopamine D1 receptor (Fig. 4A) D2AAK3 forms additional hydrogen bond 

between the indazole nitrogen atoms and NH group from the main chain of Ser 188 from the 

extracellular loop 2 (ecl2). For the dopamine D2 receptor (Fig. 4B) an additional hydrogen bond 

was found between the amide oxygen atom of D2AAK3 and the main chain oxygen atom of 

Thr (7.38). Moreover, π-π stacking interactions occur between the D2AAK3 aromatic moieties 

and Trp (6.48), Phe (6.52), His (6.55) and Tyr (7.34). The obtained docking pose of D2AAK3 

in dopamine D2 receptor and the multiple interactions the ligand forms with this receptor are in 

accordance with the good affinity of D2AAK3 to the receptor. Regarding the dopamine D3 

receptor (Fig. 4C), D2AAK3 forms an additional hydrogen bond between the indazole NH 

hydrogen atom and the side chain of Glu (2.64) and forms π-π stacking interactions between its 

3-(trifluoromethyl)phenyl group and Phe (6.52). In case of all receptors D2AAK3 fits well to 

the binding cavities as depicted in Fig. 5A-C using non-covalent interaction (NCI) maps. Non-

Covalent Interactions is a visualization index derived from the density an identification of non-

covalent interactions. It is based on the peaks that appear in the reduced density gradient (RDG) 

at low densities. 



 

 
 

 In case of serotonin 5-HT1A receptor (Fig. 4D) D2AAK3 forms a hydrogen bond 

between its protonatable nitrogen atom and the oxygen atom from the side chain of Asn (7.38). 

The indazole and 3-(trifluoromethyl)phenyl groups of the ligand are involved in π-π stacking 

interactions with Trp (7.39) and Phe (6.52), respectively. Regarding serotonin 5-HT2A receptor 

(Fig. 4E) the indazole NH hydrogen of D2AAK3 forms a hydrogen bond with the hydroxylic 

gropup of Ser (2.60). Similarly as in the case of serotonin 5-HT1A receptor and most dopamine 

receptors 3-(trifluoromethyl)phenyl group of the ligand is engaged in π-π stacking interactions 

with Phe (6.52) which is in agreement with good affinity of D2AK3 to this receptor. Finally, 

concerning serotonin 5-HT7 receptor (Fig. 4F), the indazole NH hydrogen atom of D2AAK3 

interacts via a hydrogen bond with the side chain of Asp (2.64) while its amide oxygen atom 

forms a hydrogen bond with the NH hydrogen atom of the main chain of of Ile 233 from ecl2. 

Similarly as for dopamine receptors D2AAK3 fits well to binding pockets of the serotonin 

receptors (Fig. 5D-F). 

3.2.3. Dynamic aspects of ligand-receptor interactions 

 In order to study the stability of ligand-receptor complexes obtained in the molecular 

docking and to investigate the changes of interactions of D2AAK3 with the receptors in time, 

200 ns molecular dynamics simulations were performed. The values of ligand RMSD plotted 

in Fig. S2 in Supplementary Information prove the correctness of the carried out molecular 

dynamics simulations and the stability of the systems. Aiming to describe the dynamic aspects 

of ligand-receptor interactions histograms (Fig. 6 and 7) and summary plots of interactions (Fig. 

S3 and S4 in Supplementary Information) were produced.  



 

 
 

 For all the studied receptors the interaction between the protonatable nitrogen atom of 

D2AAK3 and Asp (3.32) – ionic or hydrogen bond – is maintained during 100% of the 

simulation time. In the case of dopamine D1 receptor (Fig. 6A and S3A) hydrogen bonds or 

water bridged interactions were formed by D2AAK3 with Lys 81 (2.60) for about 50% of the 

simulation time), Ala 84 (2.63) for about 30% of the simulation time, Gly 88 from the first 

extracellular loop (ecl1) for about 40% of the simulation time, Ser 310 (7.31) for about 40% of 

the simulation time and Asn 311 (7.32) for about 40% of the simulation time. D2AAK3 is also 

involved in hydrophobic interactions with Trp 99 (3.28), Leu 190 from ecl2, Phe 288 (6.51) 

and Phe 289 (6.52) for about 50%, 10%, 30% and 60% of the simulations time, respectively. 

Regarding dopamine D2 receptor (Fig. 6B and S3B) D2AAK3 forms a hydrogen bond with Cys 

182 from ecl2 for about 100% of the simulations time and water bridged/hydrophobic 

interactions with Leu 94 (2.63), Ile 184 from ecl2 and Tyr 408 (7.34) for about 90%, 50% and 

70% of the simulations time, respectively. The ligand is also involved in hydrophobic contacts 

with Phe 390 (6.52) of the receptor for about 70% of the simulations time. In case of dopamine 

D3 receptor (Fig. 6C and S3C) D2AAK3 is involved in hydrogen bond/hydrophobic interactions 

with Tyr 36 (1.39) for about 35% of the simulations time and in water bridged/hydrophobic 

interactions with Tyr 365 for about 50% of the simulations time. Moreover, the ligand forms 

hydrophobic contacts with Val 86 (2.60), Phe 345 (6.51) and Phe 346 (6.52) for about 30%, 

30% and 80% of the simulations time, respectively. 

 Considering serotonin 5-HT1A receptor (Fig. 7A and S4A) D2AAK3 is involved in 

water bridged interactions with Ala 93 (2.60) and Asn 386 (7.38) for about 20% and 50% of 



 

 
 

the simulations time, respectively. Furthermore, the ligand forms hydrogen bond/water bridged 

interactions with Gln 97 (2.64) for about 40% of the simulations time. D2AAK3 is also engaged 

in water bridged/hydrophobic contacts with Tyr 96 (2.63), Leu 380 (7.32) and Ala 383 (7.35) 

for about 80%, 25% and 60% of the simulations time, respectively. The ligand forms 

hydrophobic interactions with Lys 191 from ecl2 and Phe 362 (6.52) for about 25% of the 

simulations time for both residues. In case of serotonin 5-HT2A receptor (Fig. 7B and S4B) the 

ligand form water bridged interactions with Asn 343 (6.55) for about 40% of the simulations 

time, hydrogen bond/water bridged interactions with Asn 363 (7.35) for about 30% of the 

simulations time and water bridged/hydrophobic contacts with Ala 230 from ecl2 for about 30% 

of the simulations time. D2AAK3 is also involved in hydrophobic interactions with Val 156 

(3.33) , Phe 339 (6.51) and Phe 340 (6.52) for about 40%, 30% and 20% of the simulations 

time, respectively. Regarding the interactions of D2AAK3 with serotonin 5-HT7 receptor (Fig. 

7C and S4C) the ligand is involved in water bridged interactions with Val 138 (2.60) and Glu 

366 (7.34) for about 25% and 80% of the simulations time, respectively. It also forms hydrogen 

bond/water bridged contacts with Cys 231 from ecl2 for about 35% of the simulations time. 

The most important hydrophobic contacts of the ligand are those with Cys 166 (3.36), Phe 343 

(6.51), Phe 344 (6.52), Leu 370 (7.38) and Trp 371 (7.39) which are maintained for 40%, 60%, 

30%, 40% and 25% of the simulations time, respectively.  

The intensive interactions of D2AAK3 with dopamine D2 and serotonin 5-HT1A 

receptors observed in molecular dynamics simulations correspond to the molecular docking 

results and good affinity of the ligand to these receptors.  



 

 
 

3.3. Behavioral studies 

3.3.1. D2AAK3 effects on motor coordination in mice 

D2AAK3 at the studied doses (50 mg/kg and 100 mg/kg, i.p.) does not induce 

coordination impairments as evaluated in the rotarod and chimney tests. For instance, the ability 

of animals to keep balance on a rotating rod during 60 s (mean ± SEM) was measured for 

D2AAK3 (100 mg/kg) and control group (55.71 ± 2.17 and 59.14 ± 0.46, respectively). For 

chimney test, the ability of animal to go backwards, vertically from the tube, was assessed and 

the values (mean ± SEM) for D2AAK3 (100 mg/kg) and control group were 11.64 ± 0.81 and 

9.86 ± 0.74, respectively. 

3.3.2. Effects of D2AAK3 on spontaneous locomotor activity and amphetamine-induced 

hyperactivity in mice 

The effect of D2AAK3 on the spontaneous locotomor activity in mice is presented in 

Fig. 8.  Two-way ANOVA revealed that in a group of mice co-administrated with D2AAK3 

(100 mg/kg, i.p.) and amphetamine (5 mg/kg, s.c.) there is a statistically significant treatment 

effect [F(1,27) = 12.46, p = 0.0015], statistically significant pretreatment effect [F(1,27) = 

12.82, p = 0.0013], and statistically significant interaction effect between treatment and 

pretreatment [F(1,27) = 6.13, p = 0.0198]. Indeed, the post hoc Newman-Keuls’s test showed 

that administration of amphetamine increased the locomotor activity of mice when compared 

to control group (p < 0.001, Fig. 8), and that D2AAK3 co-administered with amphetamine (5 

mg/kg) decreased amphetamine-induced hyperactivity when compared to the amphetamine-



 

 
 

treated group (p <0.001). However, D2AAK3 alone did not show statistically significant 

difference when compared with control group (p > 0.05). 

3.3.3. Effect of acute administration of D2AAK3 on memory consolidation in mice 

The D2AAK3 effect on memory consolidation was determined during the retention trial 

of the PA task (Fig. 9A). T-test revealed that the acute administration of D2AAK3 (100 mg/kg; 

i.p.) induces statistically significant increase in the IL values (p = 0.0075) compared to 

respective-vehicle treated group. More specifically, the enhancement of the memory 

consolidation was observed after D2AAK3 treatment. 

To determine if D2AAK3 (50 mg/kg, i.p.) can reverse the MK-801-induced memory 

impairment mice were co-injected with the combination of D2AAK3 (50 mg/kg, i.p.) and MK-

801 (0.3 mg/kg, i.p.). Two-way ANOVA revealed that there is a statistically significant 

D2AAK3 pretreatment effect [F(1,47) = 16.85, p = 0.0002], statistically significant MK-801 

treatment effect [F(1,47) = 6.092, p = 0.0173], and no significant interaction effect between 

treatment and pretreatment [F(1,47) = 0.092, p = 0.7630]. However, the Newman-Keuls’s post 

hoc test indicated the increase of IL index in mice treated with 50 mg/kg D2AAK3 and MK-

801 when compared to respective MK-801-treated group (p < 0.05, Fig. 9B) what suggests that 

studied compound reverses memory impairment in mice. 

3.3.4. Anxiety-like effects after D2AAK3 treatment in mice 

To evaluate the influence of the acute administration of D2AAK3 on anxiety responses 

in male Swiss mice, EPM tests were performed. The statistical analysis (t-test) of the results for 

the activity of D2AAK3 (100.0 mg/kg) on anxiety responses indicated significant influence on 



 

 
 

the percentage of the time spent in the open arms (p < 0.0001) (Fig. 10) and the percentage of 

the open arm entries (p < 0.0001) (Fig. 10) 30 minutes after D2AAK3 administration. In this 

regard, the decrease in both percentage of the time spent in the open arms and the open arm 

entries indicates the anxiogenic activity of D2AAK3. However, this effect was not statistically 

significant 60 min after D2AAK3 acute treatment (p = 0.9978 for percentage of the time spent 

in the open arms and p = 0.7264 for the percentage of the open arm entries) (Fig. 10). 

4. Discussion 

In this study we presented detailed in silico, in vitro and behavioral characterization of 

D2AAK3, a virtual hit identified in previously conducted virtual screening (Kaczor et al., 

2016c). Such elaboration is useful in order to plan hit to lead studies and lead structure 

optimization towards finding analogues with more advantageous properties that, in the future, 

may become novel antipsychotics. 

D2AAK3 may be described as a multi-target ligand, since it has high affinity for 

dopamine D2 and serotonin 5-HT1A, 5-HT2A receptors and moderate affinity for D1 and D3 

receptors. Antagonism towards both D2 and 5-HT2A receptors is significant when it comes to 

antipsychotic properties, although the optimization of D2AAK3 aimed at increasing 5-HT2A/D2 

affinity ratio would allow to achieve receptor profile that to a greater extent resembles atypical 

antipsychotics. Importantly, D2AAK3 possesses balanced activity towards main targets of 

interest in the treatment of schizophrenia, namely D2, 5-HT2A and 5-HT1A receptors. The 

difference in affinities for these targets does not exceed one order of magnitude, what is one of 

the determinants of well-designed multi-target drugs (Bolognesi, 2019). 



 

 
 

D2AAK3 exhibits low affinity for serotonin 5-HT7 receptor, which was reported to play 

role in treating memory impairments in schizophrenia. Thus, optimized analogues of the virtual 

hit would benefit from displaying higher affinity and antagonism at 5-HT7 receptor. D2AAK3 

has also low affinity for muscarinic M1 receptor and moderate affinity for histamine H1 

receptor, which are known as off-targets in managing the symptoms of schizophrenia. Blockade 

of histamine H1 receptors results in sedation and weight gain, what constitutes one of the main 

issues related to treatment with some of atypical antipsychotics. Further optimization of 

D2AAK3 should result in decreased activity towards this receptor to minimalize the risk of 

such side effects. Antagonism at muscarinic M1 receptor leads to memory disturbances whereas 

stimulating it or positive allosteric modulation may beneficially contribute to managing 

cognitive impairments in schizophrenia. In this context D2AAK3, having low affinity for this 

receptor, may prevent from occurring cognitive disorders.  

D2AAK3 exhibits multi-target profile of action, what is significant in terms of treating 

wide range of symptoms of schizophrenia. Such approach in drug discovery is nowadays 

considered more promising than single-target approach in case of complex diseases, such as 

cancer, schizophrenia or neurodegenerative diseases (Kondej et al., 2018b). This complexity 

reflects in engaging several receptors or enzymes in the pathomechanism of certain disease, 

thus it is more favorable to target several of them than just one. Administration of one multi-

target drug instead of a bunch of selective drugs is also beneficial in terms of pharmacokinetic 

profile, drug-drug interactions or side effects profile.  



 

 
 

D2AAK3 blocks both dopamine D2 and serotonin 5-HT2A receptors, what is important 

for its activity as a potential atypical antipsychotic. All antipsychotic drugs introduced to the 

clinical practice are antagonists or partial/biased agonists of dopamine D2 receptor. Such 

activity benefits in treating positive symptoms of schizophrenia. However, antagonism towards 

this receptor in other brain regions is responsible for occurrence of wide range of side effects, 

mainly extrapyramidal side effects and hyperprolactinemia. Combined antagonism to dopamine 

D2 receptor and serotonin 5-HT2A receptor of D2AAK3 may contribute to reducing those side 

effects arising from striatal dopamine dysregulation (Amato et al., 2018). Moreover, blocking 

serotonin 5-HT2A receptor may lead to reducing negative and cognitive symptoms of the disease 

by increasing the release of dopamine in prefrontal cortex (Di Sciascio and Riva, 2015). 

Balance between agonism at 5-HT1A receptor and antagonism or partial agonism at D2 

receptor may result in more effective management of broader spectrum of schizophrenia 

symptoms, including cognitive impairment, anxiety and depressive episodes, and improve drug 

tolerance (Di Sciascio and Riva, 2015). Furthermore, 5-HT1A receptor agonists increase the 

level of prefrontal dopamine, what is assumed to improve negative symptoms of schizophrenia. 

Besides alleviating cognitive, negative and affective disorders, targeting 5-HT1A receptor seems 

to reduce extrapyramidal side effects induced by antipsychotics. In view of the above, D2AAK3 

has the potential to reduce all types of the symptoms of schizophrenia, as it maintains that 

balance, being high affinity agonist for 5-HT1A receptor and possessing relatively high affinity 

for D2 receptor. 



 

 
 

In vitro studies of D2AAK3 were complemented with molecular modeling 

investigations. The model of serotonin 5-HT1A receptor in an active conformation constructed 

using cryo-EM structure of serotonin 5-HT1B receptor in complex with an agonist donitriptan 

as a template is reported here. The model is very close to the model from GPCRdb constructed 

based on the same template (RMSD of transmembrane region of 0.159 Å) which confirms its 

very good quality. The model is also in general agreement with previously published models of 

this receptor in active conformation which were built using other templates (see eg. (Del Bello 

et al., 2017)). The obtained docking poses of D2AAK3 in the studied aminergic GPCRs with 

the electrostatic interaction between the protonatable nitrogen atom of the ligand and Asp (3.32) 

follow the general pharmacophore model for aminergic GPCRs ligands and resulting ligand-

receptor interactions mode (Kaczor et al., 2016b). In most receptors D2AAK3 also interacts 

with Phe (6.52) which is in agreement with our earlier studies on D2AAK1 (Kaczor et al., 

2016d) and its derivatives (Kondej et al., 2019, 2018a). The position of D2AAK3 in the binding 

pocket with the indazole moiety directing towards the extracellular vestibule is also in 

accordance with the results for D2AAK1 (Kaczor et al., 2016d) and its derivatives (Kondej et 

al., 2019, 2018a) where indole group was directed to the exterior of the receptor. A similar 

binding pose was found for ritanserin in X-ray structure of its complex with serotonin 5-HT2C 

receptor (Peng et al., 2018). A good fit of D2AAK3 to the binding pockets of the studied 

proteins was additionally confirmed using non-covalent interaction maps. The obtained ligand-

receptor complexes were stable in 200 ns molecular dynamics simulations. The mode of 

D2AAK3-receptors interactions in molecular dynamics simulations followed the one from 



 

 
 

molecular docking (interactions with Asp (3.32), Phe (6.51) and Phe (6.52)) and corresponded 

to the affinity of D2AAK3 to different receptors. 

Behavioral studies confirmed antipsychotic activity of D2AAK3 expected based on in 

vitro tests results. The compound decreases the hyperactivity induced by the administration of 

amphetamine in mice at studied dose of 100 mg/kg.  

The impact of D2AAK3 acute administration on memory processes was evaluated in 

the PA task. Our results indicated that the studied compound (100 mg/kg) improves memory 

processes in mice. Moreover, D2AAK3, in a lower dose (50 mg/kg) reverses MK-801-induced 

memory impairments in mice. Cognitive symptoms associated with schizophrenia generally 

remain resistant to the treatment with available antipsychotics. Furthermore, it was reported 

that some antipsychotics, such as clozapine, olanzapine or asenapine, not only fail in reducing 

memory-associated symptoms of schizophrenia, but even impair the PA task performance in 

rodents (Kołaczkowski et al., 2014). In case of first generation antipsychotics, it has been shown 

that haloperidol impaired the spatial learning memory in Morris water maze (MWM) in mice 

(Xu et al., 2012). In addition, haloperidol and olanzapine disturbed cognitive function in MWM 

test in mice (Mutlu et al., 2011). However, in the PA test, haloperidol did not affect memory-

related responses when was administered before the training or retention test (Ichihara et al., 

1988). In addition, olanzapine but not haloperidol reversed MK-801-induced memory 

impairments in mice using the MWM test (Song et al., 2016). Similarly, risperidone also 

reversed MK-801-induced impairments in rats using the modified elevated plus maze test 

(Celikyurt et al., 2011), probably due to its antagonistic-like properties on 5-HT2A receptors.  



 

 
 

A variety of more recent studies, especially those where schizophrenia patients were 

followed over more extended periods of time, do not support the view that antipsychotics (in 

general) significantly improve cognition in schizophrenia (Nielsen et al., 2015). In particular, 

clozapine compared to other antipsychotics, was not superior in the cognitive function and may 

even be associated with decreased working memory performance. In a recent study, 

Czepielewski et al. (Czepielewski et al., 2018) compared treatment-resistant subjects with 

schizophrenia under long term clozapine treatment with cases using other antipsychotics who 

never used clozapine, and showed that clozapine did not improve verbal learning ability better 

than other antipsychotics. However, individual differences in clozapine's effect on short term 

episodic memory may be associated with plasma level of clozapine, N-desmethylclozapine 

(major metabolite of clozapine) and polymorphism in the M1-cholinergic receptors as well (Kır 

et al., 2020). 

Hence, there is still a need to develop antipsychotics capable of managing cognitive 

impairments in schizophrenia. The memory consolidation is referring to the process by which 

a temporary, labile memory is transformed into a more stable, long-lasting form that has been 

shown to be most specifically disrupted in schizophrenic patients (Baran et al., 2018; Wamsley 

et al., 2012). Moreover, concerning the molecular events underlying consolidation, an 

involvement of D1 and D2 receptors modulation has been revealed. 

In order to evaluate the influence of D2AAK3 on anxiety-like behavior, EPM test was 

conducted. The compound turned out to elicit anxiety-like responses 30 min after acute 

treatment. However, this effect has not been observed 60 min after D2AAK3 administration – 



 

 
 

lack of statistically significant differences between drug-treated and control group (in both % 

open arms entries and % open arm time). This dual effect may be associated with the affinity 

of D2AAK3 for serotonin 5-HT1A receptor. The serotonin system in the brain is known to be 

involved in anxiety and mood regulation – many commonly prescribed anxiolytics and 

antidepressants act via targeting this system. Regarding anxiety, attention has been paid 

particularly to the 5-HT1A receptor (Heisler et al., 1998). Buspirone, commonly prescribed 

anxiolytic agent is an agonist of 5-HT1A autoreceptor, that if activated leads to the neuronal 

suppression within serotonergic system and thus elicit anxiolytic effect (Balaj et al., 2019). Also 

8-hydroxy-2-(di-n-propylamino)tetralin (8-OH-DPAT), the tool compound to study 5-HT1A 

receptor and its highly selective agonist, exerts multiple pharmacological effects, among others 

anxiolytic effect. However, activation of another population of 5-HT1A receptors, located 

postsynaptically in brain structures such as amygdala, dorsal hippocampus and cerebral cortex, 

is reported to produce anxiety-like responses (Heisler et al., 1998). After direct administration 

of 8-OH-DPAT to the dorsal hippocampus, significant anxiogenic effect was observed in the 

plus maze and in the social interaction test (File et al., 1996). Taking the above into account, 

we may presume that the effect of D2AAK3 on anxiety-related responses arises from affecting 

signaling via 5-HT1A receptor, as the compound is its high affinity full agonist. Hypothetically, 

the initial anxiogenic effect observed 30 min after D2AAK3 administration may emerge from 

activation of postsynaptic 5-HT1A receptors in dorsal hippocampus, yet being not observed 60 

min after acute treatment due to stimulating 5-HT1A autoreceptors and thus decreasing the 

release of serotonin in nerve terminals in the limbic system. 



 

 
 

In case of other antipsychotics, it has been shown that risperidone decreased anxiety 

levels in the open field and elevated plus maze (EPM) tests (Karl et al., 2006). Similarly, 

haloperidol presented anxiolytic activity in mice by inducing the increase in percentage of the 

open arm time and percentage of the open arm entries in EPM test (Ulak et al., 2016). It has 

also been reported that acute but not chronic treatment with olanzapine induces anxiolytic 

activity only in stressed rats (Locchi et al., 2008). 

5. Conclusions 

As a result of the virtual screening aimed at searching for potential novel antipsychotics, 

virtual hit D2AAK3 was found, and afterwards subjected to in silico, in vitro and behavioral 

studies in order to evaluate its activity. Revealed beneficial pharmacological properties along 

with balanced multi-target profile of the compound indicate that optimization of D2AAK3 may 

result in obtaining derivatives that will be further considered as a promising lead molecule for 

novel antipsychotics. 
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Figure captions: 

Fig. 1. Structural formula of D2AAK3. 

Fig. 2. Functional assays for D2AAK3 at 5-HT1A and 5-HT2A receptors. (A) Concentration-

response curves of D2AAK3 and 5-CT (as reference agonist) at inhibiting forskolin-stimulated 

cAMP production in HEK293 cells expressing human cloned 5-HT1A receptors. The graph 

shows data (mean ± SEM) of three independent experiments performed in triplicate. (B) 

Concentration-response curves of D2AAK3 and risperidone (as reference antagonist) on IP 

production stimulated by 1 µM 5-HT in CHO-K1 cells expressing human cloned 5-HT2A 



 

 
 

receptors. The graph shows data (mean ± SEM) of two independent experiments performed in 

duplicate. 

Fig. 3. The Ramachandran plot of the homology model of serotonin 5-HT1A receptor. Most 

residues are represented by circles. Glycines are depicted as triangles while prolines as squares. 

The only residue lying outside the allowed region is Gly 105 (Gly (3.21)). However, glycine 

has no side chain and can adopt phi and psi angles in all four quadrants of the Ramachandran 

plot. 

Fig. 4. D2AAK3 in complex with dopamine D1 (A), D2 (B), D3 (C) and serotonin 5-HT1A (D), 

5-HT2A (E) and 5-HT7 receptors. Proteins shown in wire representation with cyan carbon atoms. 

The most important residues shown as sticks. Ligand shown as sticks with grey carbon atoms. 

Polar interactions represented as red dashed lines. Non-polar hydrogen atoms omitted for 

clarity. 

Fig. 5. Non-covalent interactions maps for D2AAK3 in complex with dopamine D1 (A), D2 (B), 

D3 (C) and serotonin 5-HT1A (D), 5-HT2A (E) and 5-HT7 receptors. Weak attractive interactions 

shown in green. Proteins shown in iceblue as cartoon representation. Asp 3.32 shown in yellow 

in stick representation. D2AAK3 shown in CPK representation with cyan carbon atoms. 

Fig. 6. Histograms of the molecular interactions of D2AAK3 with human dopamine D1 (A), D2 

(B) and D3 (C) receptor during molecular dynamics simulations (200 ns). The stacked bar charts 

are normalized over the course of the trajectory: for example, a value of 0.7 suggests that the 

specific interaction is maintained during 70% of the simulation. Values over 1.0 indicate that 

some protein residue may maintain multiple contacts with the ligand. 



 

 
 

Fig. 7. Histograms of the molecular interactions of D2AAK3 with human serotonin 5-HT1A 

(A), 5-HT2A (B) and 5-HT7 receptor during molecular dynamics simulations (200 ns). The 

stacked bar charts are normalized over the course of the trajectory: for example, a value of 0.7 

suggests that the specific interaction is maintained during 70% of the simulation. Values over 

1.0 indicate that some protein residue may maintain multiple contacts with the ligand. 

Fig. 8. The influence of an acute injection of D2AAK3 on the amphetamine-induced 

hyperactivity in mice. Appropriate groups of mice received D2AAK3 [(100 mg/kg; i.p. (n = 

7)], amphetamine [5 mg/kg, (n = 8); s.c.], 100 mg/kg D2AAK3 co-injected with 5 mg/kg 

amphetamine (n = 8), and vehicle (n = 8, indicated as 0). Data are shown as the distance traveled 

(cm) by mouse recorded for 30 min (mean ± SEM). The results from the Tukey's test analyses 

presented: ***p < 0.01 amphetamine vs. the vehicle-treated group and ^^^p < 0.001 100 mg/kg 

D2AAK3 vs. amphetamine-treated group. 

Fig. 9. Acute effect of D2AAK3 on memory consolidation (A) and D2AAK3 effect on MK-

801-induced memory impairment (B) in mice assessed in passive avoidance (PA) test.  

Appropriate mice groups received acute injections of D2AAK3 [50 and 100 mg/kg (n = 8-13), 

vehicle (n = 9-13, indicated as 0), D2AAK3 (50 mg/kg) + MK-801 (n =13) and MK-801 alone 

(n = 12); i.p.] on Day 1 immediately after the PA test. Then, these rodents were retested on Day 

2 (i.e., 24 h later) as reported previously (Kaczor et al., 2016d). Data are presented as mean ± 

SEM. For the panel A: the results from the t-test analyses indicate: **p = 0.0075 when 

compared with the control group. For the panel B: the results from the post hoc Newman-



 

 
 

Keuls’s test indicated: *p < 0.05 for D2AAK3+MK-801 when compered to MK-801-treated 

group; ^^^p < 0.001 D2AAK3 vs control group and #p < 0.05 for MK-801 vs control group. 

Fig. 10. Acute effect of D2AAK3 on anxiety-like responses in mice evaluated 30 and 60 

minutes after treatment using elevated plus maze (EPM) test. Percentage (%) of open arm 

entries (A and C) and % of time spent in the open arms (B and D) recorded 30  (A and B) and 

60  (C and D) minutes after 100 mg/kg D2AAK3 injection [(n = 8) and vehicle (n = 8, indicated 

as 0); i.p). Data are presented as mean ± SEM. The t-test analyses indicated the anxiogenic 

activity elicited by D2AAK3 30 minutes after treatment *** p < 0.001 for time spent in the 

open arms and open arm entries but not statistically significant after 60 minutes. 

 

Tables: 

Table 1. Experimental radioligand binding data for D2AAK3. 

Table 2. Evaluation of potency and efficacy of compound D2AAK3 at the indicated receptors 

in in vitro functional assays. 
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Table 1. Experimental radioligand binding data for D2AAK3. 
 

pKi (Ki) or % inh. at 10 μMa 

Comp. hD2 hD1 hD3 h5-HT1A h5-HT2A h5-HT7 hH1 hM1 

D2AAK3 6.94 ± 0.06 
(115)

6.33 ± 0.01 
(469) 

6.26 ± 0.01 
(551)

7.34 ± 0.14 
(51.4)

6.88 ± 0.23 
(151)

6.09 ± 0.03 
(807)

6.36 ± 0.11 
(433)

5.19 ± 0.02b (~6442)

Haloperidol 8.30 ± 0.07 
(5.22)

7.93 ± 0.02 
(11.8) 

8.00 ± 0.08 
(10.5)

NDc ND ND ND ND 

5-CTd ND ND ND 9.00 ± 0.06 
(1.04)

ND ND ND ND 

Methysergide ND ND ND ND 9.29 ± 0.07 
(0.53)

ND ND ND 

Clozapine ND ND ND ND ND 6.20 ± 0.05 
(632)

ND ND 

Doxepin ND ND ND ND ND ND 9.26 ± 0.18 
(0.55)

ND 

Ipratropium ND ND ND ND ND ND ND 9.27 ± 0.03 (0.53)

a Data are expressed as pKi (mean ± SEM) and Ki (nM) or % inh. at 10 μM (mean ± SEM) of 2–3 independent experiments performed in duplicate. 
b Full displacement of specific binding was not achieved at the maximum concentration assayed, so Ki value could be not accurately estimated; maximum 
displacement achieved (100 μM) was 66%. 
c ND, not determined. d 5-CT, 5-carboxamidotryptamine. 
d Data for hD2, hD1, hD3, h5-HT1A, h5-HT2A were previously reported in Kaczor et al. (2016c). 

  



 

 
 

Table 2. Evaluation of potency and efficacy of compound D2AAK3 at the indicated receptors in in vitro functional assays: a efficacy 
(% inh., % of inhibition of dopamine response) and potency (KB) as D2 antagonist in cAMP assays (Kaczor et al., 2016a, Kaczor et al., 
2016b, Kaczor et al., 2016c, Kaczor et al., 2016d); b efficacy (%Emax, % of maximal response) and potency (pEC50, -log EC50; EC50, 
concentration of the compound eliciting the 50% of maximal compound response) as 5-HT1A agonist in cAMP assays; c efficacy (% 
inh., % of inhibition of 5-HT response) and potency (pIC50, -log IC50; IC50, concentration of the compound eliciting the 50% of 
maximal compound response) as 5-HT2A antagonist in IP assays. Data are mean ± SEM of 2–3 independent experiments performed 
in duplicate or triplicate. 

hD2
a h5-HT1A

b h5-HT2A
c 

% inh. at 10 μM KB [nM] %Emax pEC50 EC50 [nM] % inh. at 10 μM pIC50 IC50 [nM]

62.7 ± 2.6% 130.6 92.6 ± 1.2% 5.37 ± 0.09 4246 98.5 ± 1.5% 6.61 ± 0.10 247
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