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The first of the most successfully implemented nootropic drugs in medical practice is piracetam, which should be attributed
to cyclic derivatives of gamma-aminobutyric acid. The production of new piracetam derivatives with high nootropic activity
is a promising direction in the development of new neuroprotective drugs.

The aim of the study is to predict GABA-ergic and glutamatergic activities of N-acyl derivatives of 2-(2-oxopyrolidin-1-yl)-ac-
etamide by a molecular docking method through the energy analysis of interaction of modeled structures with GABA, and
AMPA receptors with their subsequent targeted synthesis.

Materials and methods. The objects of the research are new N-acyl derivatives of 2-oxo-1-pyrrolidineacetamide and a virtual
model of the GABA, receptor of the Homo sapiens organism with the identification code 6D6U and a three-dimensional mod-
el of the AMPA-receptor of the Rattus norvegicus organism with the identification code 3LSF from the RCSB PDB database.
The simulated compounds were designed in the HyperChem 8.0.8 program. This program was also used to optimize geome-
try using the force field of molecular mechanics MM+. Molecular docking was carried out using the Molegro Virtual Docker
6.0.1 program. The preparation of N-acyl derivatives of 2-(2-oxopyrrolidin-1-yl)-acetamide was carried out by the interaction
of 2-(2-oxopyrrolidin-1-yl)-acetamide with an excess of the corresponding anhydride under conditions of acid catalysis.
Results. Based on the results of molecular docking, a high affinity of all simulated compounds for the binding site of GABA,
and AMPA receptors can be estimated. According to the predict, the maximum GABA-ergic activity should be expected for
(N-[2-(2-oxopyrrolidin-1-yl)-acetyl]-butyramide. N-acyl derivatives of 2-oxo-1-pyrrolidineacetamide form a more stable com-
plex with amino acid residues Arg207, Phe200, Thr202, Tyr97, Tyr157, Tyr205 and Phe65 of the GABA, receptor binding site
than the GABA molecule. In terms of the minimum interaction energy, the N-acyl derivatives of 2-(2-oxopyrrolidin-1-yl)-acet-
amide are superior to a number of known ligands such as GABA, piracetam, anipiracetam, picamilon and pramiracetam. The
tested compounds have also shown a high affinity for the binding site of the AMPA receptor. The leader compound is also the
compound PirBut, as in the case of the GABA, receptor.

Conclusion. Molecular modeling of the ligands interaction with the active binding site of gamma-aminobutyric acid of the
GABA, receptor by molecular docking showed that all virtual N-acyl derivatives of 2-oxo-1-pyrrolidineacetamide can exceed a
number of nootropic drugs by activity. In the course of molecular design, a method for predicting a glutamatergic activity for
2-pyrrolidone derivatives has been developed. It suggests a significant nootropic activity for N-[2-(2-oxopyrrolidin-1-yl)-ac-
etamide amides.

Keywords: 2-(2-oxopyrolidin-1-yl)-acetamide; N-acyl derivatives; GABA, receptor; AMPA receptor; nootropics; Molecular de-
sign; molecular docking; structural pharmacology; QSAR

Abbreviations: GABA — gamma-aminobutyric acid; CNS — central nervous system; BAC — biologically active compound; BBB —
blood-brain barrier; IC50 — The half maximal inhibitory concentration.
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MepBbiM M3 Hanbonee ycnewHo BHEAPEHHbIX B MEAULIMHCKYIO MPAKTUKY HOOTPOMHbIX JIEKAPCTBEHHbIX CPEACTB ABNAETCA
nupaweTam, KOTOPbIW CNeayeT OTHECTU K LIUKANYECKMM NMPOU3BOAHbIM Y-aMUHOMACAAHOW KMCNOTbI. MoayYeHne HoBbIX Npo-
M3BOZAHbIX MMpaLLeTama 06/1a4at0LWMX BbICOKOM HOOTPOMNMHOW aKTUBHOCTbLO, NpeAcTaBseT cobol nepcnekTuBHOe Hanpase-
HUWe NpU CO34aHNN HOBbIX HEMPOMPOTEKTOPHbIX MPENapaTos..

Lienb. MporHo3 TAMK-epruyeckon 1 rytamaTtepruyeckort akTtuBHOCTM N-aumanpom3BogHbIX 2-(2-0KconuponuamH-1-un)-
aueTammnaa MeToLoM MONEKYNIAPHOIO AOKMHIa NOCPeACTBOM aHa/IM3a SHePrum B3aMMOLENCTBUA MOLEMPYEMBIX CTPYKTYP
¢ TAMK - » AMPA-peLienTopamu ¢ NOCAeAyOWUM UX LieNIeHaNpasieHHbIM CUHTE30M.

Martepuanbl 1 metogbl. O6bEeKTaMK UcCe0BaHUA ABNAIOTCA HoBble N-auuabHble NPOU3BOAHbIE 2-0KCO-1-NMppoNnauHa-
uetamuaa u BupTyanbHas mogenb FTAMK -peuentopa opraHusma Homo sapiens c MAeHTUOMKaALMOHHbIM Kogom 6D6U un
TpexmepHaa mogenb AMPA-peLenTopa opraHuama Rattus norvegicus ¢ naeHTMOUKaLMOHHbIM Kogom 3LSF 13 6a3bl AaHHbIX
RCSB PDB. Mogenunpyemble coeanHeHna noctpoeHbl B nporpamme HyperChem 8.0.8. C NomoLLbto 3TOM NporpaMmmbl TaKKe
6blna NpoBeseHa ONTUMU3aLMA rEOMETPUM C UCMOIb30BAaHWEM CUIOBOFO NOA MONEKYNAPHON MeXaHUKn MM+. Moneky-
NAPHBINA AOKUHT OCYLLLECTBAANCA NocpeacTBomM nporpammbl Molegro Virtual Docker 6.0.1. MonyyeHune N-auuabHbIX NPOU3BO-
OHbIX 2-(2-0KCONUPPONUAMH-1-MN)-aLeTammnaa ocyLLeCTBAANOCH B3anmoaencteuem 2-(2-okconupponuamH-1-mn)-auetamm-
2 € N36bITKOM COOTBETCTBYIOLLEIO aHMMAPUAA B YCIOBUAX KUCNOTHOTO KaTaaunsa.

Pe3synbtartbl. [10 pe3ynbTatam MONEKYNAPHOrO AOKMHIAa MOXHO CYAMTb O BbICOKOM CPOACTBE BCEX MOAENNPYEMbIX COeANHe-
HWI K CalnTy CBA3bIBAHMA FTAMK,- 1 AMPA-pevenTopos. CoriacHo NporHosy, MakcmanbHyto TAMK-epruyeckyto akTMBHOCTb
cnepyet oxumaathb y (N-[2-(2-okconmpponngmnH-1-un)-auetun]-bytupammnaa. N-auuabHble NPou3BoAHbIE 2-0KCO-1-NMpponu-
OUHaueTammaa obpasyoT bosee yCTOMUMBBIA KOMMJIEKC C AMUHOKUCAOTHbIMU ocTaTkamu Arg207, Phe200, Thr202, Tyr97,
Tyrl57, Tyr205 n Phe65 caiita cBasbiBaHMsa TAMK FAMK,-peuenTopa, yem monekyna TAMK. Mo sennunHe MWHUMaNbHOWM
3Heprum B3aumopencTeua N-aumabHble NPOU3BOAHbIE 2-(2-OKCONUPPOAUANH-1-UN)-aueTaMma NPEeBOCXOAAT Lenbli pag,
M3BECTHbIX IMFAaHAO0B, TakMx, Kak TAMK, nupauetam, aHunupayeTam, NMKaMUIOH U NpamupaLeTam. Takxe nccnegyemble
COoeAMHEHMA NOKA3aun BbICOKOE CPOACTBO K CaiTy cBA3biBaHWA AMPA-peuenTtopa. CoeanHeHNEM-TMAEPOM TaKKe ABNAETCA
coesmnHenue PirBut, kak v B cnyyae ¢ TAMK -peuentopom.

3akntoueHue. MonekynapHoe MoAennpoBaHne B3aMMOAENCTBMA IMTaHA0B C aKTUBHbIM CaMTOM CBA3bIBaHMA ramMMa-aMu-
HOMacAaHo Kucnotel TAMK -pelientopa MeToA0M MO/IEKYNIAPHOTO JOKMHIa NOKa3aso, YTo BCe BUPTyanbHble N-auunbHble
NPou3BOAHblE 2-0KCO-1-NMppoNMAMHALLETaMMUAA MO aKTUBHOCTU MOTYT NPEBbIWAaTb Liebll P HOOTPOMHbIX NEKAPCTBEHHbIX
npenapaTos. B xofe MONeKyNAPHOro KOHCTPYMPOBaHWUA pa3paboTaHa MeToAMKa NPOrHO3MPOBAHMWA lyTaMaTePrmyecKom aK-
TUBHOCTW A/1A NPOU3BOAHbIX 2-NMpponnaoHa. OHa No3BONAET NPEANONOKUTb 3HAYUTENbHYIO HOOTPOMHY AaKTUBHOCTb A5
amnaoB N-[2-(2-oKkconupponmamnH-1-un)-auetammaa.

KntoueBble cnosa: 2-(2-okconuponmamH-1-un)-auetamuma,; N-aunibHble NPON3BOAHbIE; FAMK,-peuenTop; AMPA-peuenTop;
HOOTPOMbI; MOIEKYNPHOE KOHCTPYMPOBAHWNE; MONEKYNAPHBIN AOKUHT; CTPYKTYpPHasa dapmakonorus, QSAR

Cnucok cokpaueHuii: TAMK — ramma-amnHomaciaHas kucnota; LLHC — ueHTpanbHas HepBHas cuctema; BAC — 6ronornyecku
aKTMBHble coeanHeHus; Mb — rematoaHuedannyeckuin bapbep; IC50 — KOHUEHTPALMA NOJYMaKCMMaIbHOTO MHTMBUPOBAHUA

INTRODUCTION clinical practice are those with neuroprotective effects
In recent years, the requirement of a systematic on the brain function integrity, and beneficial for the
search for efficient therapeutic substances targeting the  resistance of neurons to aggressive endogenous and
human CNS diseases associated with emotional disorders  exogenous factors. Specifically, an interesting group
has been recognized. Among the drugs currently used in  of substances identified as “nootropics” have been
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proposed to improve mental performance, memory,
and other cognitive CNS processes. Nootropic drugs are
shown to enhance the resistance of nerve cells to the
effects of hypoxia, intoxication, and post-traumatic brain
injury [1].

An important advantage of nootropic drugs is their
low toxicity and compatibility with CNS drugs from other
pharmacological groups that affect the central nervous
system, and almost a complete absence of undesirable
side effects [2].

Nootropics are involved in the enhancement of
neuronal processes, the exchange of nucleic acids and
proteins in cells, the adenosine triphosphate production,
glucose transport across the blood-brain barrier (BBB)
and its further utilization in brain tissues [3].

To search for new biologically active compounds
(BACs) that affect the GABA-ergic and/or glutamatergic
systems, it is advisable to combine various methods
of molecular modeling. For example, the combination
of molecular logical descriptors and a structure-based
analysis of molecular databases comprising ligands
with known activities enables identification of common
structural fragments/motifs (“pharmacophores”)
responsible for a certain type of activity. The combination
of conformational analysis and molecular docking
methods makes it possible to identify the preferable
ligand positions at protein binding sites and to find
correlations with the strength of the pharmacological
effect of interest.

THE AIM of the study is to predict a GABA-ergic
and glutamatergic activities of N-acyl derivatives of 2-
(2-oxopyrolidin-1-yl) -acetamide by a molecular docking
method through the energy analysis of interaction of
modeled structures with GABA, and AMPA receptors
with their subsequent targeted synthesis.

MATERIALS AND METHODS

The geometry optimization was carried out by using
the MM+ molecular mechanics method as implemented
in the HyperChem 8.0.8 program [4]. The ligand-receptor
interactions at the gamma-aminobutyric acid binding
site of the GABA, receptor and at the active site of the
AMPA receptor were calculated using MolDockScore
algorithm implemented in the Molegro Virtual Docker
6.0.1 program [5]. In the molecular docking protocol
used in this study, 300 most stable conformations of
N-acyl derivatives of 2-(2-oxopyrolidine-1-yl)-acetamide
were docked into the 12-nm binding area of the GABA,
and the AMPA receptors. The initial 3D structures of the
GABA, and the AMPA receptors were taken from the
Protein Data Bank, with the PDB codes 6D6U [6] and
3LSF [7], respectively.

Molecular docking to the GABA

receptor-binding site

The biological target of docking is the GABA, receptor,
which is one of the family of Cys-loop receptors containing
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disulfide bonds between two cysteine residues. All the
described GABA receptors are polymorphic protein
formations; its structure largely depends on their
localization in the tissues of the body. According to the
modern classification, GABA receptors are divided into
two groups — ionoform receptors of the GABA,/GABA_
type and metabotropic GABA, receptors [8].

The supramolecular structure of the GABA, receptor
is a heteropentameric glycoprotein complex. The
structure of the ionotropic receptor can include 7 types
of subunits: a, B, y, 6, €, 1 and 6. In turn, the a subunit
is represented by 6 isoforms, B and y include 3 isoforms
each, and the other types of subunits in the GABA,
receptor have 1 isoform each. In the mammalian brain,
the GABA, receptor is a pentamer formed by two a-and
B-subunits and one y-subunit (Fig. 1) [9]. Each subunit
of the ionotropic channel has a tertiary structure, which
is represented by the order of 400 amino acid residues.
The subunit includes an N-terminal extracellular
domain and 4 transmembrane domains — M1, M2,
M3 and M4, which have a structural organization in
the form of a-helices. It is the N-terminal domain that
has numerous sites for binding various ligands, which
can be represented by gamma-aminobutyric acid,
benzodiazepines, barbiturates, and neuronal hormones
[10]. It is assumed that the transmembrane domains M2
and M3 are involved in ligand binding and ion channel
modulation [11].

Molecular docking to the AMPA receptor

binding site

Previously, researchers found that amino acids
P494, S497, S754, S729, D760, Y424 and N764 are
responsible for the process of positive allosteric
modulation of the AMPA receptor. In this case, the
piracetam molecule can occupy three pharmacologically
active locations at the binding site of the AMPA
receptor. These spatial arrangements of piracetam
molecules are located in close proximity to each other.
In the first case, the piracetam molecule forms bonds
with amino acids P494, S497 and S754; in the second
case, it mainly interacts with amino acids D760 and
Y424, but also binds to amino acid S729. Herewith, the
first and second locations of the piracetam molecule
are mutually exclusive. In the third case, the piracetam
molecule interacts with amino acids S$729, D760
and N764 [7]. Thus, only two piracetam molecules
can simultaneously occupy pharmacologically active
locations at the binding site of the AMPA receptor. In the
study, the second location of piracetam was selected
at the binding site of the AMPA receptor, and amino
acids S729, D760, Y424 and N764 were designated as
Ser 217, Asp 248, Tyr 35 and Asn 252, respectively. Two
possible simultaneous variants of the location of the
piracetam molecule at the binding site of the AMPA
receptor in the 3LSF protein-ligand complex are shown
in Fig. 2.
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Figure 1 — Molecular structure of the GABA, receptor

Note: A is a horizontal position of the GABA, receptor in the plane; B is a vertical one
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Figure 2 — Location of the piracetam molecule at the binding site of the AMPA receptor
in the 3LSF protein-ligand complex

Note: A —the second location option. B — the third location option
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Figure 3 — Synthesis of N-acyl derivatives of 2-oxo-1-pyrrolidinacetamide
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Table 1 — Structural formulas of ligands from the Binding DB
with corresponding K indices

Ligand code, structural Ligand code, structural Ligand code, structural Ligand code, structural
formula, K nM formula, K nM formula, K nM formula, K nM
BDBM50128264, 370 BDBM50107595, 218 BDBM50126764, 175 BDBM50252922, 112
HO o o HO o) 0

NH
H,N 0\ NH,
Cl
o\ =y N\ /
VI ©
o
BDBM50252920, 80 BDBM50252873, 61 BDBM50060632, 45

0 HO 0

NH
| H,N
0 N

HN HN HN

Br Cl

o

BDBM50060635, 4

HN

Table 2 — The minimum value of the ligand-receptor
interaction of the predicted ligands in the active
center of the GABA, receptor

Minimum energy of ligand-receptor

Ligand complex formation, kcal/mol
GABA —71.708
Piracetam —-86.509
PirAc —88.691
PirPr -95.354
PirBut —95.507
Aniracetam -81.509
Fonturacetam -97.105
Phenibut —94.692 Figure 4 — Location of the gamma-aminobutyric
Picamilonum —78.629 acid molecule in the active center
Pramiracetam -76.046 of the GABA, receptor
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Figure 5 — Location of piracetam and its N-acyl derivatives in

the active center of the GABA, receptor

according to the results of molecular docking
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Figure 6 — The location of ligands at the binding site of the AMPA receptor according
to the results of molecular docking

Note: A — piracetam; B-PirAc; C — PirPr; D — PirButt
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Table 3 — The formation energy of ligand bonds
with amino acids Thr 130, Arg 67, Tyr 205, Tyr 157 and Phe65, kcal/mol
Ligand Amino acid sum Amino acid sum
Thr 130 Arg 67 Tyr 205 Tyr 157 Phe 65

GABA -3.402 -11.652 —15.054 -6.693 -8.628 -8.315 —23.635
Piracetam —3.295 -3.771 —7.066 -15.209 -17.001 —8.056 —40.266
PirAc -3.126 -7.932 —11.058 -18.353 -10.854 -12.668 -41.875
PirPr —3.387 —7.281 —10.669 -16.311 -12.056 -12.136 —40.504
PirBut —3.045 —7.515 —10.559 —10.936 —15.734 —10.192 —36.862
Aniracetam -2.707 -6.371 =9.077 -17.433 -16.844 -9.811 -44.089
Fonturacetam -0.501 -12.521 -13.022 —23.481 —16.458 —14.223 —54.162
Phenibut -1.416 -9.197 —-10.614 -26.125 -12.417 -11.563 =50.105
Picamilon —7.555 -3.325 —10.880 =25'993 —10.147 —13.068 —49.207
Pramiracetam -2.281 -7.117 —9.399 —17.954 —14.522 —10.145 —42.620

Table 4 - Calculated interaction energies of the studied compounds with residues of amino acids Thr 130,
Arg 67, Tyr 205, Tyr 157, Arg 207, Glu 155, Phe 200, Thr 202, Tyr 97, Asp 44 u Leu 118, kcal/mol

Amino acid GABA Piracetam PirAc PirPr PirBut
Arg 207 0.561 = —0.590 —2.436 —3.291
Glu 155 -1.881 -1.524 —2.67262 —0.83446 —0.998
Phe200 —5.189 —13.994 —11.515 —10.532 —16.502
Thr 202 -4.137 -5.205 -8.562 —7.454 -8.294
Tyr 97 =il 28}l =723 -4.117 —5.967 —4.487
Tyr 157 -8.628 —17.001 -10.854 —12.056 -15.734
Tyr 205 —6.693 —-15.209 —18.353 -16.311 —10.936
Arg 67 -11.652 -3.771 -7.933 -7.281 -7.515
Asp 44 0.718 - - - -
Leu 118 -1.989 -1.795 -1.951 —-1.887 -1.954
Thr 130 —3.40186 —3.295 —3.125 —3.387 —3.045

Table 5 — The minimum value of the interaction energy of ligands with the binding site of the AMPA receptor

Minimum energy of ligand-receptor

Ligand interaction, kcal/mol
Piracetam —80.3646
PirAc -94.9684
PirPr -101.0150
PirBut -107.0790

Table 6 — Interaction energies of the studied compounds with amino acids
of the AMPA receptor binding site, kcal/mol

Amino acids Piracetam PirAc PirPr PirBut
Asp 248 —8.6384 -7.0767 —7.2909 —7.1325
Leu 247 —-17.2258 —-10.5279 -10.946 -10.5261
Lys 251 —3.2265 -3.7261 —4.2831 —3.9035
Met 107 -7.8311 -14.4516 -15.6796 -14.981
Phe 106 -2.7516 -11.6726 -12.144 -11.9543
Pro 105 —-0.9851 —7.7395 -10.1021 -12.8108
Ser 108 —-0.6031 —9.5983 -10.9815 -11.098
Ser 242 —4.3652 —6.5524 -6.1867 —6.4454

Tyr 35 —3.6829 -1.7938 —2.3966 -1.9694

Asp 216 -0.3789 - - -

Lys 218 -1.24 -2.8374 -3.687 -6.3321

Ser 217 —7.1949 -11.9722 —-11.3445 -12.6389
Sum -58.124 —87.9485 —95.042 -99.792
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Table 7 — The interaction energy value of ligands from the database bindingdb.

org with amino acids Ser 217 and Asp 248 of the binding site of the AMPA receptor

Ligand code according to the

Interaction energy

Interaction energy

Total

database bindingdb.org K nM Wii:;j;r;ﬁZ Witsjﬁiﬁ& intericc:f;:;?ergy:
BDBM50128264 370 —10.4842 -1.3701 —11.8543
BDBM50107595 218 -15.0233 —2.2196 —17.2429
BDBM50126764 175 -13.3183 —-5.1289 —-18.4472
BDBM50252922 112 —-18.9924 —4.4265 —-23.4189
BDBM50060627 105 —14.7070 -4.4979 —19.2049
BDBM50252920 80 -17.1936 -2.4128 -19.6064
BDBM50252873 61 —-15.8562 -5.0815 —-20.9377
BDBMS50060632 45 -14.1395 —-7.0648 -21.2043
BDBM50060635 4 -14.2827 —-7.0615 —21.3442
BDBM50166287 2.9 -20.0334 -6.1673 —26.2007

Table 8 — The predicted value of the biological activity of N-acyl derivatives of 2-oxo-1-pyrrolidine acetamide

Interaction energy Interaction energy Total K oredicted
Ligand with Ser 217, with Asp 248, interaction energy, P M !
kcal/mol kcal/ mol kcal/mol
Piracetam —7.1949 —8.6384 —15.8333 224.3759
PirAc -11.9722 -7.0767 —-19.0489 140.6609
PirPr —-11.3445 —7.2909 —-18.6354 151.4260
PirBut -12.6389 —-7.1325 -19.7714 121.8514
400
o
y =26.034x + 636.58 300
R?=0.7866
Q.
. 200
s
= b
> e .o
‘ ° 100
o . o 0
-30 <125 -20 -15 -10 -5 0
-100

Total energy of interaction with amino acids Ser
217 and Asp 248, kcal/mol

Figure 7 — Precise diagram of the linear relationship between the value of the inhibition constant and the total
interaction energy of ligands with amino acids Ser 217 and Asp 248 of the AMPA-receptor binding site

The index of the inhibition constant (K) can
be used to assess the affinity of low-molecular
compounds to the binding site of the protein target.
In order to develop a methodology for predicting the
biological activity of the studied compounds in relation
to the AMPA receptor, 10 structural formulas and their
corresponding K values for the Rattus norvegicus
organism were used, they had been given in the
Binding Database (https://www.bindingdb.org/bind/
index.jsp) (Table 1).
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Objects of molecular design

N-acyl-substituted  2-(2-oxopyrrolidine-1-yl)-acet-
amide (piracetam) were selected as ligands for the mo-
lecular design of GABA-ergic and glutamatergic BACs and
the subsequent synthesis. They are: N-[2-(2-oxopyrroli-
dine-1-yl)-acetyl]-acetamide (PirAc), N-[2-(2-oxo-pyrroli-
dine-1-yl)-acetyl]-propionamide (PirPr) and N-[2-(2-oxo-
pyrrolidine-1-yl)-acetyl]-butyramide (PirBut).

The synthesis of N-acyl derivatives of 2-(2-oxopy-
rolidine-1-yl)-acetamide was carried out by dissolving
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a suspension (0.01 mol) of 2-(2-oxopyrrolidine-1-yl) ac-
etamide in the excess of the corresponding anhydride
at the temperature of 70-80°C during the stirring. Then
0.1 ml of concentrated sulfuric acid was added. The acy-
lation reaction was monitored by thin-layer chromatog-
raphy. The target product was isolated from the cooled
reaction medium with diethyl ether. Recrystallization of
the substance was performed from ethyl or isopropyl al-
cohol (Fig. 3) [12].

RESULTS AND DISCUSSION

Molecular docking to the GABA  receptor

binding site

The study of the ligand-receptor complex of gamma-
aminobutyric acid 6D6U revealed that ligand forms two
hydrogen bonds with amino acids Thr 130 and Arg 67,
and enters into hydrophobic interactions with Tyr 205,
Tyr 157 and Phe 65 in the active center of the GABA,
receptor (Fig. 4).

The results of molecular docking (Table 2) show
that all N-acyl derivatives of 2-(2-oxopyrolidine-1-yl)
acetamide exceed a number of the known ligands by
the value of the minimum interaction energy, such
as GABA, piracetam, anipiracetam, picamilonum
and pramiracetam. The calculated energies are also
comparable to the interaction energy of phenibut, but
are inferior to phenylpuracetam (fonturacetam). From
the values of the average energy of interaction with the
active site of the GABA receptor it follows that PirAc,
PirPr and PirBut have the greatest affinity for the GABA
receptor among the studied structures.

The further study of the ligand-receptor interaction
consisted in comparing the energies of hydrogen bonds
and hydrophobic interactions. The energies of hydrogen
bonds with amino acids Thr 130 and Arg 67 show that
the ligands under study form a more stable hydrogen
bond with Arg 67 residue. GABA and phenylpiracetam
can form the strongest hydrogen bonds. In terms of the
total energy of hydrogen bonds, they are inferior to Pi-
rAc, PirPr and PirBut, but all these ligands are superior
in energy values to the modified drug — piracetam (Ta-
ble 3). In other compounds, this energy is comparable to
similar energies of N-acyl derivatives of 2-oxo-1-pyrroli-
dine acetamide. The calculated energies of hydrophobic
interactions with amino acid residues Tyr 205, Tyr 157
and Phe 65 show that the simulated structures are char-
acterized by higher interaction energies compared to
GABA. However, these values are comparable to those
of piracetam, aniracetam and pramipiracetam, but are
inferior to fonturacetam, phenibut and picamilon. These
results can be explained by the structural feature of
phenylpuracetam, phenibut and picamilon, i.e. the pres-
ence of volumetric aromatic fragments in their struc-
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ture. The molecules of phenylpuracetam and phenibut
contain a benzoin ring, and picamilonum contains a pyr-
idine heterocyclic system.

The experimental data of the X-ray diffraction anal-
ysis of the GABA -receptor complex with a gamma-ami-
nobutyric acid molecule [6] made it possible to increase
the number of amino acid residues involved in the for-
mation of the ligand—receptor complex. Fragments of
Arg 207, Glu 155, Phe 200, Thr 202, Tyr 97, Asp 44 and
Leu 118 should be added to the previously considered
amino acid residues. A comparative analysis of the cal-
culated energy characteristics of binding GABA, pirace-
tam and its modified derivatives (Table 4) suggested that
the N-acyl derivatives of 2-oxo-1-pyrrolidinacetamide
form a more stable complex with amino acid residues
Arg 207, Phe 200, Thr 202, Tyr 97, Tyr 157, Tyr 205 and
Phe 65 than the GABA molecule. The interaction ener-
gy of the designed structures with the Arg 67 residue
is lower compared to GABA, and the results for amino
acids Leu 118 and Thr130 are comparable. PirAc has a
stronger interaction with the Glu 155 residue than PirPr
and PirBut. The amino acid of the active center of the
GABA, receptor Asp 44 does not participate in the in-
teraction with piracetam and its modifications, however,
it should be noted that the GABA molecule also forms
a weak interaction with it. Thus, PirAc, PirPr and PirBut
have a greater affinity for the active center of the GABA
receptor compared to the GABA molecule and the drug
piracetam.

Molecular docking to the AMPA

receptor binding site

According to the results of molecular docking in
the Molegro Virtual Docker 6.0.1 program, the most
energetically favorable locations of N-acyl derivatives
of 2-oxo-1-pyrrolidine acetamide at the binding site
of the AMPA receptor were established. Fig. 6 shows
examples of the location of the studied compounds with
the minimum energy in the interaction with the amino
acids of the AMPA-receptor binding site. This figure
shows the main amino acids that are involved in the
implementation of the activating effect on the receptor:
Ser 217, Asp248, Tyr 35 and Asn 252.

The minimum value of the interaction energy of
ligands with the binding site of the AMPA receptor is
shown in Table 5. These results show that all three
N-acyl derivatives of 2-oxo-1-pyrrolidine acetamide have
a greater affinity for the binding site of the ionotropic
glutamate receptor than the piracetam molecule. At the
same time, the most energetically favorable location
is occupied by PirBut. Then PirPr and PirAc molecules
follow, according to the interaction energy with the
binding site of the AMPA receptor.
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Using the 3LSF protein-ligand complex, it was
found out that the piracetam molecule, in addition
to Ser 217, Asp248, Tyr 35 and Asn 252, also interacts
with the following amino acids of the active center of
the AMPA receptor: Leu 247, Lys 251, Met 107, Phe
106, Pro 105, Ser 108, Ser 242, Asp 216 and Lys 218.
The interaction energies of the piracetam molecule
with the amino acids of the AMPA receptor binding site
were obtained from the ligand complex 3LSF according
to the already established X-ray diffraction analysis of
the pharmacologically active location of this substance.
In this case, the second location of the piracetam mol-
ecule was used, where the formation of bonds with
Asn 252 does not occur (Fig. 2A). The interaction en-
ergies of PirAc, PirPr and PirBut with the amino acid
environment of the AMPA-receptor binding site were
obtained using a molecular complex with a minimum
energy of the ligand-receptor interaction. The results
of the study in Table 6 show, that the N-acyl derivatives
of 2-oxo-1-pyrrolidinacetamide exceed the piracetam
molecule in terms of the interaction energy with amino
acids Met 107, Phe 106, Pro 105, Ser 108, Ser 242, Lys
218 and Ser 217. According to amino acids Asp 248, Lys
251 and Tyr 35, the studied substances have a small
difference in the interaction energy compared to the
piracetam molecule (the maximum difference in PirAc
and Tyr 35, is 1.8891 kcal/mol), and there is a decrease
in the interaction energy with the amino acid Leu 247.
PirAc, PirPr, PirBut do not interact with the amino acid
Asp 216, but the piracetam molecule forms a very weak
bond with this amino acid (—0.3789 kcal/mol).

The method for calculating nootropic biological
activity by molecular docking using the Molegro Virtual
Docker 6.0.1 program, has been developed to predict
the biological activity of N-acyl derivatives of 2-oxo-1-
pyrrolidinacetamide. Based on the results of molecular
docking of ligands given in the database bindingdb.org,
the ligand-receptor complex with the lowest MolDock
Score interaction energy was selected for each ligand
with the AMPA receptor binding site. The energy of
bond formation with amino acids Ser 217 and Asp 248
of the binding site of the AMPA receptor responsible
for the implementation of the pharmacological action,
was studied for the selected locations of low-molecular
compounds. The results of the study are shown
in Table 7.

In order to determine the relationship between
the total interaction energy of ligands with amino ac-
ids Ser 217 and Asp 248 of the AMPA-receptor bind-
ing site and the corresponding values of the inhibition
constant, a dot diagram was constructed. As a result,
a linear mathematical relationship between the val-
ue of the inhibition constant and the total interaction

Tom 9, Buinyck 1, 2021

energy of the selected ligands with the amino acids
Ser 217 and Asp 248 of the AMPA receptor binding
site was obtained: Y=26,034x+636,58. In this math-
ematical dependence, the value at Y corresponds to
the value of the inhibition constant, and the value of
X corresponds to the total interaction energy of the
ligands with amino acids Ser 217 and Asp 248 of the
AMPA receptor binding site.

To assess the reliability of the obtained mathemat-
ical dependence between the value of the inhibition
constant and the total interaction energy of the select-
ed ligands with amino acids Ser 217 and Asp 248 of the
AMPA-receptor binding site, the approximation reliabil-
ity factor and the root mean square deviation were cal-
culated. The accuracy coefficient of the approximation
was obtained using the Microsoft Excel program, and it
is 0.7866. The root mean square deviation was calculat-
ed using the formula:

1 N
RMSD= ,[-= Y AK?
N = )

where: RMSD is a root mean square deviation; N is the
number of ligands; the difference between K calculated
from the derived linear mathematical dependence and
K — taken from the database bindingdb.org.

The root mean square deviation is 49.15237. Thus,
based on the obtained values of the approximation
reliability coefficient and the standard deviation, it
is possible to talk about an acceptable accuracy of
calculating the linear dependence of the inhibition
constant on the total energy of the interaction of ligands
with amino acids Ser 217 and Asp 248 of the AMPA-
receptor binding site.

According to the developed methods, the prediction
of the biological activity of N-acetyl-2-(2-oxycyclopentyl
acetamide)acetamide (PirAc), N-propanoyl-2-(2-
oxycyclopentyl)-acetamide (PirPr) and N-butanoyl-2-(2-
oxycyclopentyl)- acetamide (PirBut) regarding the AMPA
receptor, were calculated (Table 8).

DISCUSSION

The pharmacological effect of nootropic drugs
is associated with their effect on the work of GABA-
ergic, monoaminergic, cholinergic and glutamatergic
neurotransmitter systems of the brain [13].

In addition to the involvement of GABA receptors
and metabotropic glutamate receptors (mGIuRs) in
the nootropic activity, the effect on other G-protein
coupled receptors (GPCRs) is also conjugated with
the nootropic effect [14]. In particular, the pyrimidine
derivative Ro010-5824 (1) shows a pronounced
nootropic effect as the agonist of dopamine D4
receptors. The activation of this type of receptors
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is associated with an increase in cognitive functions
of the brain, such as a learning ability, a cognitive
activity, etc. [15].

N
~
1 NHz

The antioxidant effect of some nootropics is
explained by the fact that their molecules are able to
inhibit the formation of free radicals and the processes
of lipid peroxidation [16].

In [17], using the example of (3H)-quinazoline-
4-one derivatives, the possibility of a directed
combination of various pharmacophores
molecule was shown in order to enhance the target
pharmacological activity.

in one

For example, quinazolinone derivatives (2) were
synthesized. Their ability to activate brain dopamine D4
receptors is combined with an antioxidant effect due to
the presence of a phenolic hydroxyl (a hydroxyphenyl
fragment). It was shown [17] that one of the most
useful manifestations of such a combination is an
increase in the blood flow in the microcirculatory bed
and, as a result, an improvement in peripheral blood
circulation.

Thus, having the possibility of simultaneous effects
on various pharmacological mechanisms, nootropic
drugs are an indispensable group in the modern arsenal
of drugs used in the treatment of disorders of function-
ing of the higher nervous system in humans.

A design of novel therapeutics is based on the
structural modifications of the approved drugs, or
chemical substances with known activities, including
endogenous biologically active compounds. In this re-
gard, close attention is attracted by neuroactive ami-
no acids: GABA, glutamic acid, taurine, etc., which are
found to influence a variety of neuronal processes in
the brain [18].

A significant role of GABA as an inhibitory
neurotransmitter in the relationship between various
functions of the central nervous system and the effect
on hormonal homeostasis and the activity of the
cardiovascular system is shown [19]. It has been proved
that the first metabolites of GABA affect the passage
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of the ketoglutarate dehydrogenase stage of the Krebs
cycle.

Accordingly, the GABA-ergic system makes it
possible to protect the body in cases of extreme
conditions associated with various types of hypoxia by
participating in metabolic processes. The influence of
GABA on the course of oxidative phosphorylation, the
participation in glucose metabolism and, as a result, in
the regulation of osmotic processes, and this leads to
the manifestation of antihypoxic and antioxidant effects
has been confirmed [20].

In the process of searching for biologically active
compounds with a nootropic effect, the interaction
of the simulated compounds with GABA and NMDA
receptors, which are largely responsible for the
processes of inhibition and excitation of the central
nervous system, is predicted [21]. The optimal
relationship between the inhibitory and excitatory
neurotransmission systems of the central nervous
system ensures the normal activity of the brain,
autonomic functions and metabolic processes in the
body, and a violation of the balance between these
systems leads to various pathological conditions of the
body [22]. These facts allow assessing the relevance of
the molecular design and targeted synthesis of modified
structures of GABA-ergic drugs with cerebroprotective,
antihypoxic and nootropic properties.

Cyclic forms of GABA — derivatives of a-pyrrolidone-
penetrate through the BBB easier and show an
anticonvulsant activity in high doses. The compound
3-amino-1-hydroxypyrrolidinone-2 (3) has a potential
for the treatment of the diseases associated with
extrapyramidal disorders.

NH

2
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&0 N

N

I

OH (|]H2 —C/O

\NHZ

3 4

One of the most successful derivatives of
N-substituted lactams synthesized in the laboratory of
UCB (Belgium) is 2-(2-oxopyrolidin-1-yl)-acetamide (4).
The drug piracetam (4) has a higher lipophilicity than
GABA, passes through the BBB easier and affects the
cortical, subcortical and transnallosal reactions of the
central nervous system [23].

2-(4-hydroxy-2-oxopyrolidine-1-yl) was synthesized
as a structural analog of piracetam- acetamide (5), which
is a lactam of 4-amino-3-hydroxybutyric acid (the drug
gamibetal).
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This drug and its compounds similar in structure are
able to normalize memory processes and improve the
cognitive properties of the brain [24].

Based on these studies, a new direction has been
formed in the field of creating neuropharmacological
drugs — a targeted search for gabaergic compounds.
At the initial stage, this direction was a set of empiri-
cal methods or, at best, it was based on a logical-struc-
tural approach. The results of modern studies of X-ray
diffraction and radioligand analysis of ligand-receptor
complexes sufficiently reliably describe the molecular
mechanisms of synaptic processes, which opens up ad-
ditional opportunities for the molecular construction of
GABA-ergic substances in silico, through the use of com-
puter modeling methods [25].

One of the protein targets through which the
pharmacological effect of nootropic drugs is real-
ized is the AMPA receptor. This receptor received its
name in honor of its selective agonist-a-amino-3-hy-
droxy-5-methyl-4-isoxazolpropionic  acid (a-ami-
no-3-hydroxy-5-methyl-4-isoxazolepropionic acid). The
AMPA receptor is a subtype of ionotropic glutamate
receptors that are able to pass positive charged ions
through the cell membrane of neurocytes and thus
participate in the transmission of rapid excitatory sig-
nals in intraneuronal synapses [13].

In these works, special attention of researchers is
drawn to the problem of selective interaction of mol-
ecules of natural neurotransmitters and ligands with
receptors. The emergence of new three-dimensional

structures of protein receptors in the Protein Data Bank
(www.wwpdb.org) [26], combined with the intensive de-
velopment of computer methods for analyzing intra-and
intermolecular interactions, contribute to the creation
of more accurate models in ligand-receptor systems.

The highest GABA-aergic activity can be expected in
the molecule N-[2-(2-oxo-pyrrolidine-1-yl)- acetyl]-pro-
pionamide. The results of the conducted prognostic
study indicate that all N-acyl derivatives of 2-(2-oxopy-
rolidin-1-yl)-acetamide may be superior in GABA-ergic
activity to a modified drug — piracetam, as well as an en-
dogenous inhibitory neurotransmitter — y-aminobutyric
acid.

The analysis of the K; values obtained in silico for
N-acyl derivatives of 2-oxo-1-pyrrolidinacetamide shows
that their hypothetical nootropic pharmacological ac-
tivity significantly exceeds piracetam as a result of their
allosteric modulation of the AMPA receptor. In this case,
the leader compound is N-butanoyl-2 — (2-oxycyclopen-
tyl)-acetamide. Thus, PirAc, PirPr and PirBut are promis-
ing compounds with a higher predicted nootropic phar-
macological activity than the piracetam molecule.

The conducted pharmacological studies confirm the
pronounced nootropic properties of the synthesized
N-acyl derivatives of 2-(2-oxopyrolidine-1-yl)acetamide
[27, 28].

CONCLUSION

It was found out that all N-acyl derivatives of
2-oxo-1-pyrrolidinacetamide can surpass gamma-
aminobutyric acid and piracetam in a nootropic activity
by molecular modeling of the ligands interaction with
the active binding site of gamma-aminobutyric acid
of the GABA receptor by molecular docking. These
compounds have also a great affinity for the binding site
of the AMPA receptor. In the course of the conducted
studies, a method for predicting glutamatergic activity
was proposed.
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