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Search for new ligands selective to different subtypes of 5-HT, receptors is an important scientificand practical
problem for experimental psychopharmacology and clinical medicine. The majority of existing antagonists of
the 5-HT,, and 5-HT, subtypes possess all necessary anti-anxiety and antipsychotic properties, though they are
partially selective to 5-HT,, receptors. Their activation leads to cardiotoxic side effects, so it significantly limits
clinical application of these drugs.

For the search of new highly selective ligands of 5-HT,, . receptors, an in silico screening algorithm was
proposed using PScore.Max and Affinity.maxPScore parameters, which included the affinity of low molecular
weight compounds for each 5-HT, receptor subtype. Cyclic physiologically active substances of peptide nature
have been proposed as new promising drugs with antipsychotic activity. Based on the CXXC library, a number of
cyclopeptides with a high selectivity of structure to target binding sites were selected for further in vitro studies
by extending of the peptide chain.

It was also found that a promising direction for increasing the selectivity of peptide ligands to
5-HT,, . receptors is the introduction of non-proteinogenic amino acids during the formation of an initial
docking library. The choice of these amino acids will be due to the nature of interactions between the reference
ligands and amino acid residues of the binding site.
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ABBREVIATIONS:

5-HT, - subtype 2 of serotonin receptors;
CNS - Central Nervous System;

PDB - Protein Data Bank Database;

PLIP - Protein-Ligand Interaction Profiler.



INTRODUCTION

Serotonergic neurotransmitter system plays an
important role in the realization of functions of the higher
nervous activity of the central nervous system (CNS).
Changes in the tone of serotonergic neurotransmission are
a complex process involving presynaptic autoreceptors,
a serotonin transporter and 14 subtypes of postsynaptic
receptors.

Postsynaptic serotoninreceptors of the second subtype
(5-HT, receptors) represent an important pharmacological
target for the development of new therapeutic agents;
they belong to the superfamily of metabotropic receptors
associated with G-proteins and exist in three variants
(S'HTZA; 5'HTsz S'HTzC)~

Functioning of 5-HT, subtype is associated with the
realization of such serotoninergic psychostimulant effects
as d-lysergic acid diethylamide and psilocybin, as well as
with the mediation of the effects of antipsychotics (mainly
atypical ones).

Activation of the 5-HT,c receptor inhibits the
dopamine and norepinephrine production in certain
areas of the brain (striatum, prefrontal cortex, nucleus
accumbens, hippocampus, hypothalamus, amygdala). The
increased activity of 5-HT,c receptors can contribute to
the development of depression and anxiety symptoms.
5-HT,c receptor inhibitors regulate mood, anxiety,
nutrition, and reproductive behavior. It has been proven
that 5-HT,c receptors are a target for some anti-obesity
drugs, as exemplified by the selective 5-HT,c agonist
lorcaserin (Belvig®). Besides, this subtype is considered
as a promising target for drug therapy of depression,
schizophrenia, drug dependence, and other disorders [1].

5-HT,; receptors are localized in the cerebellum,
hypothalamus and medial amygdala. Increased expression
of receptors takes place in the liver and kidneys, while
a lower level is found in the cerebral cortex, pancreas
and spleen. These receptors are less involved in the
development of anxiety behavior than other subtypes.
Activation of 5-HT,; of the heart leads to proliferation
of connective tissue of valves that is considered as an
undesirable side effect when taking drugs tropic to the
5-HT, receptor family.

A number of drugs for the treatment of migraine
(methylsergide, ergotamine), antiparkinsonian drugs (pergolide,
cabergoline), drugs for the treatment of pituitary adenoma,
have significant side effects (primarily, valvular disease and
carcinoid syndrome) associated with 5-HT,s receptor activation.
It significantly limits their clinical use [2]. Currently, routine
screening for 5-HT,s receptor affinity is recommended for drugs
planned for the clinical phase of studies [3].

Thus, the search for new ligands selective for various
5-HT, receptor subtypes is an important scientific and
practical problem that should be solved by application of
contemporary computer modeling that can significantly
optimize the stage of development of active molecules
which pharmacological profile wouldinclude a predominant
selectivity for 5-HT,. and 5-HT,¢ subtypes.

MATERIALS AND METHODS

The study design consisted of the following constituent
elements:

- analysis of theoretical data on the ligand binding site;

- determination of the localization and structure of the
ligand binding pocket;

- determination of criteria for selection of compounds
based on docking results;

- docking of libraries of cyclic peptides and selection of
the most promising compounds.

Molecular docking was performed using open source
software and information sources available in free access
on the Internet. Models of 5-HT, receptors in combination
with reference ligands placed in the Protein Data
Bank (PDB) were used as targets for docking process.
They were obtained by X-ray structural analysis with a
resolution of 2.7 - 3.0 A:

- model 5-HT,A receptor in complex with risperide, PDB
ID 6A93 (hereinafter referred to as “target A”);

- 5-HT,s receptor model in complex with
methylergonovine, PDB ID 6DRY (hereinafter referred to
as “target B”);

—model 5-HT,c receptor in complex with ritanserin, PDB
ID 6BQH (hereinafter referred to as “target C”).

Macromolecules and peptide ligands were prepared
using the MGLTools 1.5.4 utility kit [4].

The generation of libraries of peptide ligands in SDF
format was performed using the Bioware CycloPs software
[5]. Semi-flexible docking was carried out using the
AutoDock Vina 1.1.2 software [6].

The PLIP software was used to visualize the protein-
ligand interaction, as well as to clarify the positions of the
amino acid residues of the macromolecule involved in the
interaction with the ligand [7].

The library of peptide ligands CXXC (where X is
proteinogenic L-amino acids, as well as D-forms of alanine,
lysine, tryptophan, and phenylalanine) was chosenasastarting
set of structures for docking, while the presence of a disulfide
bond in the structures was considered as a modification
capable of enhance the biological activity of original peptide
compounds, as well as the addition of some D-amino acids.
Modeling a peptide with limited conformational mobility
increases its selectivity to the selected binding site; therefore,
at the first stage, we determined the basic structure with
the smallest cycle, followed by an increase in selectivity by
extending the chain. Thus, the chosen sequence of actions
was determined by the aim of simulating a number of
relatively simple physiologically active substances of peptide
nature, consisting of a small number of amino acids for
further synthesis of selected structures, as well as studying
their biological activity in vitro and in vivo.

Following docking of the starting CXXC library the best
ligands were selected (to form second-level libraries of the
YCXXCY type, where X and Y are proteinogenic L-amino
acids and their D-forms).

Docking was performed taking into account the
following Vina software settings:

- exhaustiveness = 8,

—-num_modes = 20,

- other parameters — by default.

The result of one run of semi-flexible docking using
AutoDock Vina 1.1.2 software is a dataset that characterizes
several binding models (“poses” of docking, binding
models) with the minimum values of predicted binding
energies (Affinity, kcal/mol). The number of docking poses
is determined by the “num_modes” parameter (maximum
number) and the “energy_range” parameter, which define
the binding energy range (kcal/mol) between the best
and worst result falling into the result set of one run (the
default parameter equals to 3).
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For the reference and studied ligands the positions of
the amino acid residues of the macromolecule involved in

the interaction were determined. To compare the nature of
their interaction with the target, the “PScore” index was
calculated using the formula.

PScore = 2x100x (hits-nonhits)/(len_ref+len_lig),

where:

hits — the number of matches of the amino acid residues
of the macromolecule involved in the interaction between
the reference and the studied ligand;

nonhits - the number of mismatches in the amino acid
residues of the macromolecule involved in the interaction
between the reference and the studied ligand;

len_ref is the number of amino acid residues of the
macromolecule involved in the interaction with the
reference ligand;

len_lig - the number of amino acid residues of the
macromolecule involved in the interaction with the ligand
under study.

If the set of amino acid residues involved in the
interaction with the reference and the studied ligand is fully
consistent, the PScore index is 100%, and if it is incomplete,
it is proportionally less than the former one.

Each docking launch was characterized by the following
primary and target parameters:

- PScore.Max - the maximum value of the PScore
parameter among all the “poses” of the docking for this
launch;

- Affinity.maxPScore — Affinity score for the docking
pose with the highest PScore.

For indirect assessment of selectivity of the studied
ligands between targets “A” and “C” and target “B”,
PScore.Max (A+C-B) was calculated as the sum of PScore.
Max (A) and PScore.Max (C) minus PScore.Max (B).

Evaluation of the selectivity of the studied ligands
using the Affinity.maxPScore index was carried out by
calculating the parameter “Sel” according to the formula
(taking into account the minimum possible Affinity value
that equals to -13.0):

Sel =100x (Affinity.maxPScore
(Affinity.maxPScore (C) /| -13.0)
maxPScore (B) /-13.0),

where  Affinity.maxPScore (A), Affinity.maxPScore
(B) and Affinity.maxPScore (C) is the parameter Affinity.
maxPScore score for targets “A”, “B” and “C”, respectively.

Taking into account the Sel index made it possible to
exclude ligands with non-selective binding to all targets,
which is typical, for example, for peptides, the structure of
which contains several bulky lipophilic substituents.

Following docking of initial CXXC library, the best ligands
were selected (for the formation of second-level libraries of
YCXXCY type), corresponding to the following criteria:

- the value of the PScore.Max (A+C-B) parameter is
not less than 60;

- the value of the parameter Affinity.maxPScore (A)
and Affinity.maxPScore (C) no more than —6.0 (for the
starting library);

— Sel value is not less than 30.

When selecting peptides in second-level libraries,
additional criteria were:

— the value of the parameter Affinity.maxPScore (A) and
Affinity.maxPScore (C) no more than -8.0;

- higher PScore.Max (A+C-B) and Sel values than the
original compound from the first level library.

(A)-13.0) + 100x
-2x100x  (Affinity.

RESULTS AND DISCUSSION

Determination of localization and structure of the
ligand binding pocket

Currently, a number of crystallographic structures
of 5-HT, receptor subtypes in combination with ligands
are available in free access. Analysis of these complexes
makes it possible to clarify the region of drug binding in
the structure of the receptor and to identify amino acid
residues responsible for interactions with ligands and the
development of a biological effect. Taking into account the
purpose of the study, which involved the search for ligands
that antagonize the A and C subtypes of the 5-HT, receptor
and lack an agonist effect on the B subtype, the following
targets were selected:

- the structure of the 5-HT,a receptor in combination
with the antagonist risperidone [8];

- the structure of the 5-HT,s receptor in complex with
the agonist methylergonovine [9];

- the structure of the 5-HT,c receptor in combination
with the antagonist ritanserin [10].

Based on the analysis of corresponding models
from the PDB database using PLIP software and on the
basis of theoretical data, the localization of the binding
pocket on the receptor and the amino acid composition
of protein residues involved in the interaction, as well
as the nature of these interactions, were assessed.
The results of the analysis of interaction of reference
ligands with amino acid residues of 5-HT, receptors are
presented in Figures 1-3.

Fig. 1. Three-dimensional visualization of the interaction of
risperidone with amino acid residues of the 5HT.areceptor in
B-chain (model 6A93)

Puc. 1. TpexmepHas BU3ya/M3auua B3aMMOAENCTBUA
pucnepuaoHa ¢ aMMHOKUC/IOTHBIMM ocTaTKamu 5HT.a-pelentopa
B yenu B (mogesnb 6A93)

For model 6A93 the following features were noted:

— the presence of hydrophobic interactions with
residues in positions 139B (tyrosine), 151B (tryptophan),
156B (valine), 336B (tryptophan), 339B (phenylalanine),
362B (leucine), 370B (tyrosine);

- the formation of a salt bridge with 155B residue
(aspartic acid);

- pi-stacking aromatic interactions with 336B residues
(tryptophan), 340B (phenylalanine).



Fig. 2. Three-dimensional visualization of the interaction of
methylergonovine with amino acid residues of the 5HT.sreceptor
(model 6DRY)

Puc. 2. TpexmepHas BU3yaau3aumus B3aMmogencTeus
METU/ISProHOBUHA C aMMHOKMC/IOTHBIMU OCTaTKaMM
5HT.s-peuentopa (Mogenb 6DRY)

Fig. 3. Three-dimensional visualization of the interaction of
ritanserin with amino acid residues of the 5-HT.c receptor
(model 6BQH)

Puc. 3. TpexmepHas BM3ya/M3auusa B3auMogencTBuA
pUTaHCEPUHA C aMUHOKUC/AOTHBIMU OCTaTKaMM
5-HT.c-peuentopa (Mogesb 6BQH)

For model 6DRY the following features were noted:

- the presence of hydrophobic interactions with
residues at positions 136A (valine), 209A (leucine), 217A
(phenylalanine), 340A (phenylalanine), 366A (valine);

- a hydrogen bond with the residue 209A (leucine);

- the formation of a salt bridge with 135A (aspartic
acid), aromatic pi-stacking interactions with residue 341A
(phenylalanine).

For model 6BQH the following features were noted:

- the presence of hydrophobic interactions with
residues in positions 130A (tryptophan), 142A (isoleucine),
222A (alanine), 340A (phenylalanine), 223A (phenylalanine),
328A (phenylalanine), 358A (tyrosine);

- the formation of a salt bridge with 134A (aspartic
acid);

- aromatic m-stacking interactions with residue
324A (tryptophan), halogen bonds with residue 214A
(phenylalanine).

Thus, forthree subtypes of the 5-HT, receptor, theamino
acid residues involved into interaction with the reference
ligands were determined. Based on the data obtained,
the search area was determined in the composition
of the macromolecular target, which is described by
the coordinates of the center and the dimensions of a
rectangular cell. Narrowing of the region to an active center
or ligand binding site provides a reduction in computing
power costs, and also reduces the likelihood of obtaining
false positive results (i.e., high affinity of ligands when they
bind in those regions of the macromolecule that are not
involved in mediating the biological effect).

To substantiate the search area for each target using
the VinaConfigBuilder utility [11], conditional geometric
centers of amino acid residues involved in the interaction
with the reference ligands were calculated (Table 1). The
dimensions of the search area were chosen so that allamino
acid residues involved in the interaction with the ligand
were completely inside it, with a margin of 20 angstroms
in each dimension (x;y;z) for the possibility of unimpeded
rotation of the ligand. Subsequently, the obtained results
were used as settings for docking with Vina software.

Thus, based on the results of analysis of literature data
and using visualization tools, the centers and sizes of the
search area were determined for molecular docking with
receptor models. In addition, positions of amino acid
residues that form binding pockets were determined for
ligands that are reference for these targets. These data
were used in the next stage of the study to set up docking
launches and interpret its results.

Table 1.
Search area and positions of target amino acid residues involved in the interaction with the reference ligand
Taba. 1.
06/1acTb MOMCKA U MO3ULMN AMUHOKUC/IOTHBIX OCTAaTKOB MULLEHH, YHaCTBYIOLMX BO B3aUMOAENHCTBUM C pedpepeHTHbIMU IMraHA0M
Coordinates (x:y;z) and size Positions of target amino acid
PDB ID Receptor Reference ligand V3 residues involved in the interaction
of the search area, A - "
with the reference ligand
6A93 5.HT risperidone (inverse (16.18;-0.39;18.56) 139B, 151B, 156B, 336B, 339B, 362B,
= agonist) 44°38,7*41 370B, 340B, 155B
6DRY 5-HT methylergonovine (ag- (-25,17;-16,55;8,78) 136A, 209A, 217A, 340A, 366A, 341A,
» onist) 36,6*36,8"37,7 135A
R . . . (38,8;30,40;53,84) 130A, 142A, 222A, 223A, 328A, 358A,
6BQH 5-HTac ritanserin (antagonist) 43,6°41,3°41,4 324A, 214A, 134A
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Docking of cyclic peptide libraries and selection of the
most perspective compounds

The initial library of cyclic peptides CXXC was docked.
The number of ligands was 462 small molecules. The PScore
parameter for each “posture” of docking within one run
indirectly indicated the localization of the ligand-target
binding site and its remoteness from the binding region of
the reference ligand, thus making it possible to estimate the
biological value of the Affinity indicator for this “pose”. It is
obvious that binding with high affinity in the physiologically
insignificant region of the receptor (outside the ligand
binding pocket) is nonspecific and cannot be considered as
a criterion for the selection of promising compounds.

This feature is typical for peptides with a large number
of “heavy” lipophilic amino acids (phenylalanine, tyrosine,
tryptophan). Their presence in the structure provides high
values of scoring function for Affinity, though, the predicted
sites of localization of binding to the receptor are determined
in physiologically insignificant regions. This may be due to the
Vina software’s default scoring feature, where hydrophobic
interactions have higher weighting coefficients.

Based on the docking results, 7 compounds were
selected. Their indicators closely correspond to the
specified criteria. The results are shown in Table 2.

It was noted that in terms of PScore.Max (A+C-B),
which indirectly characterizes the selectivity between
targets “A” and “C” and target “B”, the best results
were obtained for the peptides CRMC, CWSC and
CVVC, CKTC. An important indicator for the selection
of promising peptides for the formation of second-
level libraries is the Affinity indicator and the ratio of
the values of this indicator between targets (Sel).

Based on the selected peptides, 7 second-level
libraries of the YCXXCY type were generated and
docked with the previously selected targets. The
selection strategy assumed an increase in selectivity
in level 2 libraries. The research results are presented
in Table 3.

It was found that modifications to the CRMC, CWSC
and CVVC libraries did not allow the identification of
compounds that fully met the selection criteria. When
analyzing the results of docking of other libraries,
a number of derivatives were noted that met the
selection criteria and exceeded the parent compounds
in terms of selectivity between targets and the
calculated binding energy. The peptide structures
FCKTCa, wCfWCY, VCffCG, WCWACA were selected as
the most promising.

Table 2.

Results of docking of the starting library of cyclic peptides CXXC with targets A, B and C,
selected according to the specified criteria

Tabn. 2.

Pe3y/ibTaTbl 4OKMHIa CTapTOBOI 6UB/IMOTERM LKAMYECKUX nentuaos CXXC ¢ muwenamu A, Bu C,
0TO6paHHbIE MO0 COOTBETCTBMIO 334aHHbIM KPUTEPUAM

Peptide ligand

Minimal among all "poses” (PScore.Max)

Affinity for docking pose with PScore.Max
(Affinity.maxPScore)

A+C-B A B

CRMC 58,8 18,2
cwscC 58,8 18,2
vC 58,8 18,2
CKTC 74,4 40,0 18,2
CfwC 30,8 20,0
CffC 47,6 20,0
CWAC 52,6 22,2

C Sel A B C
60,0
58,8
53,3
52,6
55,6
37,5
31,6

- Sel is an indicator reflecting the ratio of Affinity values between targets

Table 3.

Results of docking of second-level libraries with targets A, B and C, selected according to the specified criteria

Taba. 3.

Pe3y/bTaTbl 4OKUHIa 6M6/1MOTEK BTOPOrO yPOBHSA ¢ MuLieHAMU A, B u C, oTo6paHHble
M0 COOTBETCTBUIO 3a,aHHBIM KPUTEPUAM

Minimal among all "poses” (PScore.Max) Affinity for docking pose with PScore.Max (Affini-
Peptide ligand ty.maxPScore)
A+C-B A B C Sel A B C
CRMC library - no matching connections found
CWSC library - no matching connections found
CVVC library - no connections found
CKTC library
CKTC (initial) 74,4 40,0 | 18,2 52,6 -7,5 -7,6
FCKTCa { 774 } 574 | 235 435
CfWC library
CfWC (initial) 66,3 30,8 | 20,0 55,6 40,8 -7,6
WCPWCY | 80,4 } 71 | 167 50,0 -9,1 -87



CffC library

CFfC (initial) 65,1 476 20,0 375 34,6 -10,1
VCFCG 50,0 16,7 50,0 40,8 -87
RCFfCK 776 52,2 16,7 21 [UEEEN s
VCFfCW 75,3 375 18,2 56,0 423 -8,5
WCFFCR |72 | 333 18,2 56,0 438 -8,2
FCFfCW | 694 | 400 18,2 476 34,6 -89
KCFFCY | 658 | 364 18,2 476 36,2 -8,6

CWAC library

CWAC(initial) 62,0 52,6 22,2 31,6 38,5 75
WCWACA 58,8 16,7 52,6 40,8 -83
SCWACY | 695 | 632 22,2 28,6 74
FCWACW | 663 | 308 16,7 52,2 - -87
PCWACG | 652 | 500 18,2 33,3 39,2 -87
NCWACR | 643 | 526 13,3 25,0 38,5 74

SUMMARY B, which was the main selection criterion for modeling

Thus, based on the results of theoretical data
research and carrying out computer modeling, the
binding sites of risperidone, methylegonovine, and
ritanserin with the corresponding 5-HT, receptor
subtypes were determined. A two-stage scheme of
virtual screening of cyclic peptide libraries was carried
out as well. The PScore.Max and Affinity.maxPScore
parameters were used to select peptide ligands for
their further synthesis and study of their biological
activity in vitro and in vivo.

The selected structures FCKTCa, wCfWCY, VCFfCG,
and WCWACA are characterized by higher selectivity for
subtypes A and C of 5-HT, receptors compared to subtype
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MOMUCK HOBbIX SIMraHAO0B, CETIEKTUBHbIX A1 PA3/IMYHbIX MOATMMNOB 5-HT,-peuenTopos, NpeacTaBiseT co60i BaxK-
HYIO Hay4YHO-NPaKTUYECKY 33434y 415 SKCNePUMEHTANIbHOM NCMX0MapMaKoIorMm U KIMHUYECKON MeanLMHbI.
BOJIbLUMHCTBO CYLLECTBYHOLWMX QHTArOHUCTOB 5-HT,,- 1 5-HT, -noatmnos 06/1aaatoT HEO6XOAMMbIMU NMPOTUBOTPE-
BOXHbIMW M @HTUMCUXOTUHECKMMU CBOMCTBAMMU. [pM 3TOM OHM HACTUYHO CENIEKTMBHDI K 5-HT, -peuenTtopam, ak-
TUBALMS KOTOPbIX MPUBOOMT K KAPAMOTOKCUYHBIM NOBOYHbIM 3 deKTaM, UTO CyLLEeCTBEHHO OrPaHUYUBAET KIIMHU-
yeckoe NpUMeEHeHVe AAHHbIX NeKapCTBEHHbIX CPEACTB.

N noncka HOBbIX BbICOKOCENEKTUBHbIX NMraHOOB 5-HT,, ~-peLenTopoB NpenJsioXeH anroputM npoBeneHs
CKpUHUHra in silico ¢ ncnonb3oBaHneM nokasatenen PScore.Max n Affinity.maxPScore, yuntbiBatoLLMX CPOACTBO
HM3KOMONEKYNAPHbBIX COEAMHEHMI K KayXaoMy noatuny 5-HT,-peuenTtopos. B KayecTse HOBbIX NEPCMEKTUBHbIX
JNleKapCTBEHHbIX CPeACTB C aHTUMCUXOTUYECKOM aKTMBHOCTBHO PpacCMaTPUBAKOTCS LMKANYECKUE GU3N0N0rn4ecku
aKTMBHbIE BeLeCcTBa NenTuaHom npmpoabl. Ha ocHoBe 6ubnmnotekmn CXXC, 3a cHeT HapawmMBaHUA NENTUAHON Lenu,
ON9 fanbHENLWMUX UCCNefoBaHui in vitro oTobpaH psa LMKAoONenTua0B C BbICOKOWM CETEKTUBHOCTLIO CTPYKTYPbI K
LLeneBbIM CanTaM CBSA3bIBAHUS.

TakKe YCTaHOBEHO, YTO, B KaYeCcTBe NepCnekTUBHbIX HanpaBieHWn NOBbILLIEHUS CENEKTUBHOCTM NenTUAHbIX
nvraHpos K 5-HT,, -peuentopam, cienyeT paccMaTpuBaTh Npy OPMUPOBaHUK CTapTOBOM GUBNMOTEKN LOKMH-
ra BBeLeHme HenpoOTEMHOreHHbIX aMUHOKMCIOT, BbIBOP KOTOPbIX 6yaeT 06ycoBNeH NPUPOAOY B3aUMOAENCTBUM
Mexay pedepeHTHbIMU NIraHAaAMU U aMUHOKUCIIOTHBbIMU OCTaTKaMK CanTa CBSI3bIBAHMUS.

KJMIOYEBBIE UJIOBA: cepoToHuH; HT,-peuentopsbl; HT,,-peuentopbl; HT,-peuenTtopbl; AOKWHF; NenTuabl;
HenponenTuabl; aHTUMNCUXOTUKMU



