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Introduction 

Dopamine is a neurotransmitter and produces a particular effect 
when binding to specific receptors located in a cell membrane. 
These receptors belong to an evolutionary related G-protein 
coupled receptor (GPCR) group. Dopamine receptors are struc-
turally built from seven-pass-transmembrane domains, and are 
subdivided into two sub-groups (D1-like, and D2-like) [1, 2]. 
Therefore, the D1-like sub-group consists of D1 and D5 receptors, 
whereas D2-like receptors are D2, D3, and D4 [3]. Apart from 
having different functionalities as sub-groups, and as a specific 
type of dopamine receptor, these GPCRs are known to signal in 
different pathways [4]. For example, D2 receptor can signal not 
only through cAMP pathway, but also through calcium ion cas-
cade, β-arrestin, and transactivation of other receptors, such as 
receptor tyrosine kinase. This leads to biased signaling which is 
an attractive field of research in modern biochemistry [3,5–12]. 

Dopamine receptor ligands are compounds that bind to dopa-
mine receptors as either agonists or antagonists. However, the 
expanding realization of biased dopamine receptors’ signaling 
mechanisms provides a theoretical framework for the investi-
gation of specific ligands that support partial activation or in-
hibition of the receptor [13]. Owing to the specific interactions 
biased ligands support a certain conformation, and are capable 
of fully signaling one dopamine receptor pathway while dis-
playing little to no activity on the other [14]. The search for such 

compounds is a complicated task, so numerous computational 
techniques are being exploited to aid scientific research [15, 16]. 

Fragment molecular orbital (FMO) is a computational ab 
initio method, which uses quantum mechanical calculations 
to investigate chemical systems. Ab initio computations are 
recognized as very accurate, however also as very demanding 
techniques. To counter the latter problem, fragmentation tech-
niques were introduced [17], so that the advantages of parallel 
processing could be utilized [18–22]. Using FMO it is possible 
to execute calculations for energy, energy gradient, dipole mo-
ment, etc. [23]. The calculation of FMO consists of the follow-
ing steps: a) fragmentation (assignment of atoms to the specific 
fragments), b) fragmentation of the self-consistent field calcula-
tions in the embedding polarizable potential, so that fragments 
polarize each other in self-consistent manner, accounting for 
inter-fragment load transfer and other quantum effects, c) frag-
ment pair, triple and quadruple self-consistent field calculations, 
transferring inter-fragmental charge, and d) assessment of total 
property (energy, gradient, etc.) [24]. As a result of FMO cal-
culations, one obtains pair interaction energy decomposition 
analysis (PIEDA). PIEDA enables a very thorough analysis of 
the interaction energy contributions and their couplings (e.g., 
polarization coupling and dispersion). Pair interaction energies 
(PIE) are decomposed as:

(1)

where the terms of the equation are electrostatic (ES), ex-
change-repulsion (EX), charge transfer and higher order 
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terms (CT+mix), dispersion (DI), and solvation (SOLV) terms.  
The electrostatic and charge transfer contributions predominate 
in salt-bridge, hydrogen bond, and polar interactions, whereas 
dispersion term usually refers to hydrophobic interactions. The 
identification of hydrophobic interactions for biomolecular sys-
tems is essential. The exchange-repulsion term is the quantum 
mechanical term that quantifies the repulsion between electrons. 
In the case of the ligand-protein complex, the PIE equation 
gives “strength” of the ligand-protein residue interaction [25]. 
This leads to major applicability of this method in big biological 
systems and gaining insight into more specific protein-ligand 
interactions [19, 21, 33–41, 25–32].

Materials and Methods 

Structure preparation and MD simulation

For the FMO analysis D2, D3, and D4 receptors were selected, 
for which X-ray crystal structures are deposited in Protein Data 
Bank (PDB ID: 6CM4, 3PBL, 5WIV respectively). The ligands 
used in the calculations were the ligands co-crystalized with 
proteins (Figure 1). Risperidone is an antagonist of the D1-like 
(D1, and D5) as well as the D2 family (D2, D3 and D4) receptors, 
with 70-fold selectivity for the D2 family. Eticlopride is a selec-
tive dopamine antagonist that acts mainly on D2-like receptors. 
Nemonapride is an atypical antipsychotic and acts as a D2, D3 
and D4 receptors antagonist, and is also a potent 5-HT1A receptor 
agonist [42].

The molecular dynamic simulations (100 ns) were performed 
using NAMD [43]. The ligands were parameterized using auto-
matic CHARMM General Force Field (CgenFF) generator [44]. 
For the preparation of the protein-ligand complexes, VMD ex-
tension tool QwikMD was used [44]. Using this program phos-
phatidylcholine (POPC) membrane was created based on the po-
sitioning estimated from the PPM web server (http://opm.phar.
umich.edu/server.php, accessed 30-06-2019) [45]. Before run-
ning the simulation, the explicit solvent was added with a NaCl 
concentration of 0.15 mol/L. The molecular dynamic simulation 

was performed in four steps: Minimization (2000 steps of 2 fs), 
Annealing (600 steps of 2 fs), Equilibration (500000 steps of 2 
fs, T=300 K), and MD (50000000 steps of 2 fs, T=300 K, p=1 
atm).

The MD trajectories analysis and structure clustering were 
performed using MD Movie Tool from UCSF Chimera v.1.13.1 
[46]. From the most populated clusters, their centroids were se-
lected for further calculations, whereas for D2 was two, for D3 
three, while for D4 four representative structures. 

FMO calculations

FMO input files were prepared using Facio software v. 22.1.1 
[37, 47]. The fragmentation of complexes under study was gen-
erated mostly automatically, however, to obtain all the amino 
acid residues as a single fragment, some bond detachments had 
to be done manually. Then, using the FMO methodology, the 
PIE between ligand and binding site amino acids (less than 4.5 
Angstrom from the ligand) was calculated.

In this work, computations were performed on the second-or-
der Möller-Plesser perturbation (MP2) level of theory with the 
6-31G* basis set (FMO-MP2/6-31G*) [18–22] and polarizable 
continuum model (PCM) [48]. Calculations were performed us-
ing GAMESS [18] on the super-computer Prometheus employ-
ing 24 CPUs.

In order to evaluate nature of interactions, based on PIEDA 
results, the percentage of the sum of absolute values of charge 
transfer and electrostatic contributions in the total attraction en-

ergy was calculated as follows [36]: 

(2)

In this way, the value of 100% means purely polar interaction, 
and 0% can be interpreted as fully hydrophobic interaction.

In this work, the PDB notation of amino acid residues is used. 
In the case of comparison between different receptors, dual 
names were used: the PDB numbering and the scheme proposed 
by Ballesteros–Weinstein [49], where a one-letter amino acid 

D2: Risperidone
Ki [D1] = 244 nM
Ki [D2] = 3.57 nM
Ki [D3] = 3.6 nM
Ki [D4] = 4.66 nM

Figure 1. Structures of ligands co-crystalized with dopamine receptors [42]. Affinity values for receptors with which they form complexes 
in crystals are bold

D3: Eticlopride
Ki [D2] = 0.26 nM
Ki [D3] = 0.11 nM
Ki [D4] = 70.4 nM

D4: Nemonapride
Ki [D4] = 0.21 nM

https://en.wikipedia.org/wiki/Dopamine_antagonist
https://en.wikipedia.org/wiki/Atypical_antipsychotic
https://en.wikipedia.org/wiki/D2_receptor
https://en.wikipedia.org/wiki/Receptor_antagonist
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symbol and the sequence-based generic GPCR residue number 
are used, e.g. D3.32 mean aspartic acid located at position 32 in 
the third helix.

Results and Discussion 

Clustering results of the molecular dynamics 
trajectories

Choosing the appropriate molecular structure is probably the 
most important and the most difficult step of FMO calculations. 
There is no clear answer which preparation approach or optimi-
zation method is the best. Until now, we have used docking and 
QMMM optimization [35, 36, 50]. This approach was relatively 
time-consuming, which is why we have attempted to use the 
molecular dynamics method, which with the current capabilities 
of GPUs is definitely a faster approach. In turn, the disadvantage 
of this method may be that the result of the MD calculations is 
a trajectory i.e. a huge set of structures, often energetically sim-

ilar. The generation of smaller subsets, as a result of clustering 
according to a selected rule (RMSD of protein, RMSD of ligand, 
energy, etc.) allows for a significant reduction of this number. 
Usually, the most populated cluster (set of structures) is consid-
ered the most probable. However, if we obtain several clusters 
of similar numbers, we must take them all into account. In the 
current study, using the approach described above, we have ob-
tained two, three and four representative structures of ligand-re-
ceptor complexes for D2, D3 and D4 receptors respectively. 

In the case of D2 receptor the calculated absolute values of 
total interaction energy (the sum of pair interaction energies be-
tween ligand and residues of bonding pocket) were only slightly 
bigger for the first complex (D2I), however, for D2II one addition-
al attractive interaction with VAL-11 was observed (Figure 2). 
The FMO results indicated that interactions with all thirteen 
residues of binding site stabilized the complex. Interestingly, 
calculations revealed presence of up to seven molecules of wa-
ter, which were employed to the ligand binding. 

Figure 2. Representation of D2 receptor active sites. Centroids of the first (A) and second (B) clusters obtained on the basis of the MD 
trajectory clustering. The FMO-PIEDA energy analysis of those complexes

A

B
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In the case of D3 receptor (see Supplementary information: 
Figure S1), based on FMO calculations, 23 amino acid residues 
that can interact with the ligand were identified. However, only 
ten of them were permanently involved in the ligand binding, 
which seven of them interacted attractively (ASP-110, VAL-
107, TYR-365, PHE-345, VAL189, PHE-188 and PHE-346), two 
repulsively (TYR-373 and THR-115) and one could both (SER-
192). In addition, there may be up to 5 water molecules at the D3 
receptor binding site that also interacts with the ligand. Looking 
for differences between selected structures, we noted that, in the 
representative structure of the second cluster (D3II) there were 
additional interactions between the ligand and VAL-86, PHE-
197, HIS-349, VAL-350, compared to the D3I complex. While 
the D3III complex, in the binding site, additionally contained res-
idues such as ILE-183, HIS-349 and VAL-350, but TRP-342 was 
missing. Finally, FMO calculations indicated that the ligand was 
most strongly bound in the D3II complex, although the ligand 
binding energy in D2I is only 6% lower.

Four representative structures of ligand-receptor complexes 
have been selected for the D4 receptor (Supplementary infor-
mation: Figure S2). As before, FMO calculations indicated that 
the receptor binding pocket could be formed by 21 amino acid 
residues, however, only with ten of them the ligand interacted 
throughout the MD simulation. The complex, in this case “inac-
tive”, was stabilized by contacts with ASP-115, MET-112, VAL-
116, PHE-91, PHE-410, TRP-407, VAL-87, SER-196, TYR-192 
and LEU-111, while it was destabilized mainly by interaction 
with ARG-186. The most stable structure was D4III, while the 
least was D4I. The lowest energy of the latter was due to forma-
tion of strong repulsive interactions between ligand and thre-
onines numbers 120 and 434, but also might be the result of an 
energetically weaker salt bridge.

As one can see, the task was quite difficult to solve, so the log-
ical choice should be to choose the structure most represented. 
For those, based on FMO results, the binding pockets of three 
dopamine receptors were compared in the next paragraph.

The characterization of binding pockets of dopamine 
receptors using the FMO calculation

The list of amino acid residues, crystalline water molecules em-
ployed to ligand binding by dopamine receptors, and the pair 
interaction energies from FMO calculations are presented in 
Table 1. It is known that the molecules tested are very active 
dopamine D2-type receptor antagonists, i.e. three complexes 
discussed above are inactive protein conformations. All of the 
structures are characterized by strong electrostatic interaction 
between aspartate ion (ASP 3.32) and quaternary ammonium 
cation of the ligand. Pair interaction energies with D2, D3, and 
D4 are -138.4, -125.15 and -117.6 kJ/mol, respectively. Because 
the salt bridge strength is geometrically dependent, as was pre-
viously proved by Kurczab et al [51], these differences could be 
associated with that effect. Secondly, the water molecules near 

aspartate were observed, which could affect the electron density 
of interacting parts (see Figure 2A, and Supplementary infor-
mation).

Generally, according to PIEDA calculations, besides D2, do-
pamine receptors interact with their ligands in both hydrophobic 
and hydrophilic manner. Although the complexes under study 
contain different ligands, there was a great similarity of bind-
ing pockets in this series of dopamine receptors. That is, the 
antagonistic effect of ligands on various D2-like receptors could 
be associated with a similar mechanism. All ligands interacted 
with characteristic residues, also for other aminergic receptors, 
from helix 3, 5 and 6. The results of FMO/PIEDA also indicat-
ed subtle differences, especially for the D4 receptor, where the 
ligand interacted with residues from TMH2 instead of TMH7, 
as it was for D2 and D3.

Conclusions 

The dopamine receptor-ligand complexes, namely D2–Risperi-
done, D3–Eticlopride, and D4–Nemonapride, were investigated 
using molecular dynamics and fragment molecular orbital com-
putational methods. Firstly, MD simulations were used to obtain 
appropriate molecular structures. Then, ligand binding sites 
were extracted from each cluster and subjected to interaction 
energy calculations with ab initio method using FMO approach. 
As a result, the obtained pair interaction energy decomposition 
analysis provided valuable insights for binding sites of different 
dopamine receptors.

By analysing total pair interaction energies, and comparing 
different clusters of the same receptor, constant amino acid res-
idues were selected as the most important ones for the stability 
of the protein-ligand complex. 

Moreover, by investigating the binding sites of the first clus-
ters of each dopamine receptor type, some similarities and dif-
ferences were elucidated. FMO revealed that all of the structures 
were stabilized by two types of interactions hydrophobic, and 
hydrophilic. All dopamine receptor-ligand complexes are char-
acterized by strong electrostatic interaction between negatively 
charged aspartic acid residue and quaternary ammonium cati-
on. Other residues such as tyrosine, serine increased hydrophilic 
stabilization.

These results are promising in further investigation of dopa-
mine receptors either by acquiring other crystallographic struc-
tures and gaining even more accurate insight into an active cen-
tres, creating FMO based pharmacophores, carrying out virtual 
screenings or by performing docking techniques, and leading 
the innovation of novel compounds that selectively bind to the 
receptors, and possibly have desired biased signaling properties.
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Table 1. Pair interaction energies between ligand and binding site residues of dopamine receptors. Attractive and re-
pulsive interactions are highlighted in green or red, respectively. The nature of interactions by mean of the %EES+CT 
calculated on the basis of Eq. 2. Cells with values above 60% are blue and those below 40% purple.

Protein  
substructure

Res. No.
D2 D3 D4

PIE %EES+CT PIE %EES+CT PIE %EES+CT

TM
H

2

2.57 VAL87 -5 40

2.60 LEU90 -3 31

2.61 PHE91 -7 45

2.64 SER94 -3 59

TM
H

3

3.28 PHE110 -7 65 PHE106 -6 33 LEU111 -4 26

3.29 VAL107 -15 94 MET112 -10 73

3.32 ASP114 -138 94 ASP110 -125 94 ASP115 -118 93

3.33 VAL115 -9 35 VAL116 -9 44

3.37 THR115 6 82 THR120 10 91

EC
L2

ARG 186 4

LEU 187 3

TM
H

5

5.38 PHE189 -4 33 PHE188 -4 23 TYR192 -3 55

5.39 VAL189 -6 53

5.42 SER193 -3 71 SER192 -7 70 SER196 -3 62

5.43 SER193 4 80

5.46 SER196 4 64

5.47 PHE198 -3 31

TM
H

6

6.44 PHE382 -8 64

6.48 TRP386 -15 56 TRP342 -8 58 TRP407 -6 52

6.51 PHE389 -3 41 PHE345 -10 39 PHE410 -6 33

6.52 PHE346 -3 31

6.55 HIS349 -3 51 HIS414 -8 76

TM
H

7

7.35 TYR408 -6 23 TYR365 -11 66

7.36 SER409 -13 72

7.39 THR412 -6 48

7.43 TYR416 -7 58 TYR373 4 34

H2O1 -10 84 -5 55 -11 84

H2O2 -9 77 -4 66 -6 85

H2O3 -5 91 -3 91 -5 84

H2O4 -4 58 3 83 8 84

H2O5 5 95 9 98

H2O6 6 77

* TMH – transmembrane helix, ECL – extracellular loop
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Supplementary information
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Figure S1. Representation of D3 receptor active sites. Centroids of the first (A), second (B) and third (C) clusters obtained  
on the basis of the MD trajectory clustering. The FMO-PIEDA energy analysis of those complexes
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Figure S2. Representation of D4 receptor active sites. Centroids of the first (A), second (B), third (C) and fourth (D) clusters 
obtained on the basis of the MD trajectory clustering. The FMO-PIEDA energy analysis of those complexes.
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