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Heterocyclization vs Coupling Reactions:
A DNA-Encoded Libraries Case

Abstract

Aim. DNA-encoded libraries technologies (DELT) are gradually becoming an important part of standard drug discovery toolbox.
DELT is looking to find its place between classic low-molecular-weight drug candidates on the one hand, and high-molecular-
weight antibodies and peptides on the other hand. On its natural path to overcoming the “childhood diseases” typical for
every novel technology, DELT has reached a point where the chemical diversity of DNA-encoded libraries (DELs) becomes an
important factor to look out for. In this paper, we aim to take a closer look at the chemical diversity of DELs in their present
state and find the ways to improve it.

Results and discussion. We have identified the DEL-viable building blocks from the Enamine Ltd. stock collection, as well as
from Chemspace Ltd. virtual collection, using the SMARTS set, which takes into account all the necessary structural restric-
tions. Using modern cheminformatics tools, such as Synt-On, we have analyzed the scaffold diversity of both stock and virtual
core bi- and tri-functional building blocks (BBs) suitable for DNA-tolerant reactions. The identification of scaffolds from the
most recently published on-DNA heterocyclization reactions and analysis of their inclusion into the existing BBs space have
shown that novel DNA-tolerant heterocyclizations are extremely useful for expanding chemical diversity in DEL technologies.
Conclusions. The analysis performed allowed us to recognize which functional groups should be prioritized as the most im-
pactful when the new BBs are designed. It is also made clear that the development of new DNA-tolerant reactions, including
heterocyclizations, have a significant potential to further expand DEL molecular diversity.

Keywords: DNA-encoded libraries technology; orthogonal functional groups; coupling reactions; polyfunctional building
blocks; heterocyclizations; chemoinformatics; scaffold diversity
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leTepoumKnisauia abo peakuii KanniHry: Bunagok AHK-KoaosaHux 6i6niotek
AHoTauinA
Merta. TexHonorii IHK-kogoBaHux 6ibnioTek (DELT) nocTynoBo cTatoTb BaXK/IMBOK YaCTMHOW CTaHAapTHOro Habopy iHCTpy-
MEHTIB AN NOLIYKY HOBUX NiKapCbKunx cybcTaHuin. Hapasi DELT nparHe 3HanTV CBOE micLe y NPOCTOPi MiX KaCUYHUMM
HU3bKOMONEKYNAPHUMM KaHANLATAMM Y NiKM 3 04HOTO BOKY Ta BUCOKOMONEKYNAPHUMM aHTUTINAMM M NENTUAAMM 3 iHLLOTO.
Ha cBoemy LNAXy A0 NOAONAHHA «AUTAYUX XBOPOH», XapaKTepPHUX ANA KOXKHOT HoBOiI TexHosoril, DELT gocarnm Toro mo-
MEHTY, KO/IM XiMiuHa pisHOMaHIiTHicTb JHK-KogoBaHux 6ibnioTek (DEL) cTae BakAnBMM GaKTOPOM, Ha KU BAPTO 3BEPHYTU
yBary. Y ujii ctatti M1 nparHemo 6amnkye po3rnsHyTU XimiuHe pisHomaHiTTa IHK-KogoBaHMx 6ibnioTeK y iXHbOMY NOTOYHOMY
CTaHi Ta 3HANTU MOXKIMBOCTI A/1A MOr0 NOKPALLEHHS.
Pe3ynbratu Ta ix 06roBopeHHA. Mu BusHaunnm DEL-kuTTe3aaTHi byaisenibHi 6710KM 3 HaaBHOT Konekuii Enamine Ltd., a TakoxK i3
BipTyanbHoi Konekuii Chemspace Ltd., BukopucToBytoun Habip SMARTS, K/ BpaxoBYeE BCi HEOBXiAHI CTPYKTYPHI 0BMEXKEHHS.

ISSN 2308-8303 (Print) / 2518-1548 (Online) n



MKypHan opaaHiyHOi ma dpapmayesmuyHoi ximii 2023, 21 (1)

3a 40MNOMOro TaKMX CY4aCHUX IHCTPYMEHTIB XeMOiIHPOPMATUKHK, AK Synt-On, M1 npoaHanisyBaamn pisHOMaHITHICTb KapKacis
AK Y)Ke CMHTEe30BaHUX, TaK i BipTyanbHUX bi- Ta TPUPYHKLIOHANbHUX BinanHr-6n0kis (BB), NnpuaatHUX Ana peakuil, y akux
OHK 3anuwwaeTtbes iHTaKTHOW. laeHTUdiKaLia MmonekynspHUX ckadonais, BUKOPUCTOBYBAHUX Y HELLOAAaBHO onybaikoBaHUX
«on-DNA» peakLiax reTepoLmMKi3aLii, Ta aHani3 ix BHeCeHHA A0 npocTopy BB, AKMit icHYe, 3acBig4Mau, WO HOBI TONEPAHTHI
00 AHK retepouuKnisau,ii € Haa3BMYaNHO KOPUCHUMM ANSA PO3LUMPEHHSA XiMiYHOT pisHOMaHITHOCTI B TexHonoriax DEL.
BWUCHOBKM. BUKOHaHWI aHani3 f,03BOIMB HAM BU3HAYUTU, AKUM OYHKLIOHAZbHUM rpynam BapTo BiALaTU NPIOPUTET AK HaK-
6inbl BNIMBOBUM Y NpoLeci An3aiHy HoBUX BB. TakoK CTano 3p03ymiso, Lo PO3BUTOK HOBUX TonepaHTHUX Ao AHK peakuii,
30Kpema M reTepoLMKAi3aLii, Mae 3HaYHMI NOTEHLian A4 NOAANbLIOIO PO3LWMPEHHA MONEKYNAPHOrO pisHomaHiTTa DEL.
Knrouosi cnoea: TexHonoria AHK-kogoBaHux 6ibnioTek; opToroHanbHi GyHKUiOHaNbHI rpynu; peakuii KanaiHry; nonidgyHKuio-

Ha/bHi BINANHT-6/10KK; reTepoLMKizaLil; XeMoiHPOpPMaTMKa; Pa3HOMAHITHICTb MOJIEKYNIAPHMX KapKaciB
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B Introduction

DNA-Encoded Libraries Technology (DELT)
was first proposed as an idea by Brenner and Lerner
back in 1992 [1]. Since then it has become an ac-
tively developing tool for Drug Discovery, which
allows to generate the multi-billion screening mo-
lecules collection in a single vial [2] and identify
the hit molecules by decoding their unique DNA
tags. The synthesis of DNA-encoded chemical lib-
raries (DECLs) [3] is based on the split-and-pool
strategy [4, 5], which is a common combinatorial
chemistry approach topped with DNA fragments
as chipping tags. The most general sequence for
a DNA-encoded library synthesis is schematically
presented in Figure 1. Building-blocks and the
corresponding DNA tags are repeatedly connec-
ted to DNA primers from the opposing end (Figu-
re 1).

The most common approach to screening the
DNA-encoded libraries [6, 7] demands placing the
protein target of interest (POI) on the solid sup-
port bed and exposing it to the action of the set
of DNA-tagged molecules from the library (Figu-
re 2). The binders remain connected to the pro-
tein, and the non-binding molecules are washed
away (Figure 2). Then the binders (potential hits)
are eluted, their chemical structures are disclo-
sed using PCR sequencing of the coding DNA-
tags, and the data obtained is analyzed. At the
current stage of the DELT development, it is gra-
dually beginning to expand into more complex
biological assays, for instance cell-based assays

[8—11], which is a positive sign indicating the fle-
xibility and translation potential of DELT-based
platforms.

It is notable that the size of libraries created
using the DEL technology nowadays exceeds the
size of the conventional high-throughput screen-
ing (HTS) combinatorial libraries by several or-
ders of magnitude. The HTS libraries almost ne-
ver exceed one million individual compounds, while
3- and 4-cycle DNA-encoded libraries with the
input size of 1000 molecules on each cycle ge-
nerate a billion and a trillion molecules, respec-
tively.

The typical sequence for the four-cycle assem-
blies is given in Figure 3. It is worth mentioning
that there are also several approaches to DNA-
tagging, likewise double-strand [4, 12] and single-
strand [13] technologies. However, this technical
aspect is non-important for the current discus-
sion. Although traditionally viewed as the major
advantage, the gigantic size of the DELs also in-
troduces several risks and drawbacks. First of all,
chemical diversity of such libraries relies heavily
on the pool of reactions available for the DNA-
friendly environment [7, 14], as well as on the
sufficient number of suitable and available bi- and
tri-functional core building blocks (BBs) with or-
thogonal functional groups (FGs), and diverse mono-
functional molecules (capping agents) [15—19].
Another important factor influencing the success
of DEL-derived screening campaigns is the de-
velopment of the readout methods [4, 20, 21] and
statistical analysis of the hits [21-23].
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Figure 1. Schematic representation of the split-and-pool process for the DNA-encoded library synthesis
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Figure 3. Typical DEL sequence for a 4-step cycle with examples of mono-, bi-, tri-functional BBs
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As 1t 1s mentioned above, the main limitation
for DELT is the demand to use only such chemi-
cal transformations, which leave DNA fragments
intact. At the early stages of development, DELT
was used as a platform for amide couplings only
[24]; however, the overall advances in organic
synthesis techniques enabled the application of
a broad spectrum of chemical transformations
in DNA-tolerant conditions, including classical
C-C and C-N cross-couplings [25], metathesis
[26, 27], click reactions [17, 28—33], photoredox
reactions [34], and many others. Now that the
vast majority of common transformations used in
the cross-couplings has been successfully trans-
lated into on-DNA chemistry, and DELT is ap-
proaching the moment when the search for new
chemotypes again becomes a limiting factor.
In this connection, the cheminformatic algorithms,
such as eDESIGNER [35], which helps to design
libraries accounting both diversity and reaction
applicability factors, have been developed and re-
ported recently. Eventually, in the “maturation”
[36] process DELT replicates the evolutionary
route of traditional HTS-derived combinatorial
chemistry [37, 38] and is on a track from amide
coupling to more complex cross-coupling reac-
tions [39] and, finally, to the on-DNA heterocy-
cles formation. One can find a comprehensive re-
view on DNA-tolerant couplings described in mul-
tiple review articles [3, 14, 39, 40], however, the
works focused on the on-DNA heterocycles for-
mation started to show up in the periodical press
on a regular basis only recently. In this paper,
we aim to give an overview on the diversity of
DELT-suitable BBs for “traditional” cross-coupling
reactions based on the catalogue of stock mole-
cules provided by Enamine Ltd., and virtual set
provided by Chemspace Ltd., and evaluate the
potential contribution of the chemotypes emerg-
ing from the most recent discoveries in the field
of on-DNA heterocyclizations.

B Results and discussion

For the decomposition of the pool of stock
(Enamine) building blocks we used the SMARTS set
(see the experimental part for details) specially
designed to account orthogonality of FGs in the
multifunctional compounds, the absence of unde-
sired functions (alkylators, moisture-sensitive
groups, etc.), and find compatible mono-functional
molecules or “capping agents” [19]. We distri-
buted the molecules obtained according to the
combination of functional and protective groups.

In case of stock polyfunctional cores, 11 classes of
bi-functional and 8 classes of tri-functional mo-
lecules were identified. We decided not to inclu-
de capping agents to our analysis. This is the most
widespread group having a decent overlap with
“traditional” monofunctional BBs commonly used
for combinatorial chemistry, and it hardly con-
tributes much to the chemical diversity, in con-
trast with rather scarce suitable multifunctional
core molecules. In case of stock BBs (Enamine),
26816 bi- and 1438 tri-functional “core” compounds
were obtained (Figures 4 and 5, respectively).

We performed the same type of extraction
using SMARTS and further analysis in Chem-
space (virtual) database. Additionally, the Synt-
On software package was used for this analysis
[41, 42]. Using Synt-On, 43 848 442 molecules in
33 sub-classes of, bi- and 3 119 488 molecules in
25 sub-classes of tri-functional BBs were iden-
tified. Low-reactive BBs and those with non-
orthogonal functional groups were removed.
The molecules obtained were combined into broa-
der classes as we did previously for stock com-
pounds. This approach allows to evaluate which
FGs and, consequently, which reactions contri-
bute the most to the DEL-derived chemical space.
Despite the insignificant shuffle in the “lower
bracket” of the histogram for bi-functional mole-
cules (Figure 6), the proportion between the most
widespread chemotypes in virtual space remains
close to the stock case (Figure 4). However, in
case of tri-functional cores, the fraction of acids,
which fulfill the selection criteria on the virtual
side (Figure 7), is significantly smaller than in
the stock (Figure 5). In all the remaining class-
es, the general trend for virtual structures cor-
relates with the stock. This observation led to
the conclusion that despite many reactions were
optimized for DNA-friendly conditions, the che-
mical diversity of DELs remains to the most
part to be limited to either amide- or ArX-amine
cross-couplings.

Introducing heterocycle formation reactions
is a beneficial way to expand the chemical space
of combinatorial chemistry-derived molecules,
which have proven itself in the HTS develop-
ment [43, 44]. It is also true that with the deve-
lopment of organic synthesis many heterocyclic
cores became readily available as scaffolds for
classical combinatorial chemistry, as well as
DEL-chemistry. Considering the growing num-
ber of publications focused on the on-DNA cycle
formation we assumed that DELT is about to cross
the same frontier as traditional combinatorial
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Figure 4. Enamine stock bifunctional DEL-viable BBs, 26816 molecules in 11 classes
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Figure 5. Enamine stock trifunctional DEL-viable BBs, 1438 molecules in 8 classes

chemistry did at the time when heterocycliza-
tions became noticeable part of the combinato-
rial reaction toolkit. In order to have a closer look
at this tendency, we studied the literature sour-
ces over the period from 2016 to 2020. We ob-
served the growing number of such publications
over time: a single one in 2015, and 14 in 2020.
We also identified 26 distinct types of the on-DNA
heterocycle formation reactions. They are sum-
marized in Table 1.

With this in mind, we wanted to study in more
detail if scaffolds from on-DNA heterocycliza-
tions occur as scaffolds in cross-coupling based
DEL builds. In other words, we wanted to look at
the population of heterocyclization-derived scaf-
folds in the bi- and tri-functional core BBs sub-
sets, and evaluate the potential contribution of he-
terocyclizations to the DELT-relevant chemical

space diversity. We used Synt-On to identify
scaffolds in both stock and virtual bi- and tri-
functional BBs sets, as well as in heterocycliza-
tion reactions products in Table 1. The latter pro-
vided 30 separate heterocyclic scaffolds. The scaf-
fold-inclusion analysis for the scaffolds from Ta-
ble 1 relative to bifunctional cores subclasses
(Table 2) and trifunctional core subclasses (Ta-
ble 3) was performed. The structure of Tables 2
and 3 is as follows: entry (subclass) number in
the first column; subclass abbreviation and an
overall number of compounds in the subclass;
“scaffolds in ref” shows how many times scaf-
folds from Table 1 are included “as 1s” or as sub-
structures to the BBs subclass scaffolds; in the
“molecules in ref” the number of molecules with
“sub-class” scaffolds, which contain the exact
structure of scaffolds from the heterocyclic set,
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Figure 6. Chemspace “tangible” virtual bifunctional DEL-viable BBs, 43 848 442 molecules in 11 classes
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Figure 7. Chemspace “tangible” virtual trifunctional DEL-viable BBs, 3 119 488 molecules in 8 classes

or contain those as substructures, is given; the
“unique scaffolds” column contains data on how
many scaffolds are represented in the subclass;
the "unique molecules” shows exactly how many
molecules contain “unique scaffolds”.

To summarize the data obtained, we com-
bined the results of our calculations into a sin-
gle table (Table 4). The latter shows the inclu-
sion of heterocyclization-derived scaffolds into
the overall pool of bi- and tri-functional BBs,
the stock (Enamine), as well as the virtual ones
(Chemspace). The results of this analysis are
not entirely expected: despite the fact that over
the half of the core BBs chemotypes used in the

heterocyclizations described in Table 1 remain
in DEL-chemistry for a long time (functional al-
dehydes, amines, etc.), their use in the reaction
types outside “traditional” cross-couplings im-
mediately provide more than 30% of the scaffold
diversity in the entire DELT chemical extra-
space.

For better visualizing the outline from Table 4,
we constructed diagrams showing the contribu-
tion of the heterocyclic scaffolds to bifunctional
BBs space, both stock (Figure 8A) and virtual
(Figure 8B). We did the same for stock and vir-
tual trifunctional blocks (Figure 9A and 9B, re-
spectively).
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Table 1. Heterocyclization reactions on DNA from the first case study to 2020

# Reaction Scaffold/Code
1 2 3
Reaction type: 5-membered Aromatic Rings formation
o TMS—N; * [B]—Ar o _Ar [NN
. v N .
1. [31] LSOO % Cu(ll) cat., borate bu el LOUON_ N ”
NH [B] = B(OH), or Bpin NH N=

Scaf_01

QAN

So el HNOR N-N
o} o \ N\N LN
2. [45] Yo __RENH, o X N
N~N H
TMS—Ng Y o

0o .
L C=N-N=PPhs \ N-N
o o o s . 0 i“d
3.[45] >\._/ R-CO,H o O o

GN ] Q- /\/\_N?:_/ <“:> Scaf 03

4. 146] DO _ [,

N

NH,OH 0 Ne-R ¢ T
— e = \( N
R-COH UMW _ 1, -0 o
Scaf 04

Br

H

Rl R1 N
S R2 [
5. [47] /\/\\NJ\NHZ L» /\/\ /S’\\/\g\Rz [S>
N~ "N
H

Scaf_05

Reaction type: 6-membered Aromatic Rings formation

OVDON_ | LOVDON_ ]
N N
H OH H
N -
6.[32] Cu(ll) cat., bipyridine/TEMPO Na j
DMSO/H,0
[}1/ h‘ N/ | Scaf_06
e " or
Me Me
ON | QO™ ]
N N
H H
BocN/\:>:O N~ |
7.[32] . N NH
proline, DMSO/H,0
NTON 2 N7 | Scaf_07
Nﬁ/N N NBoc
Me Me
SODON ] QO™ ]
N N
H H
N~ |
PO |
8.[32] RT™> N
DMSO/H,0
NZON N7 | R Scaf 08
NQKN N
Me Me

Reaction type: Fused Aromatic Rings formation

QNN

o) 04< > P Me pno Me Cr/N
9.[48] g NH, <:> \)/\N = = Nj
|
N

©® Me Me e
C=EN—Me

N o TN Scaf_09
O_/V\_NH
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Continuation of Table 1

1 2 3
1. RL-NH, o
/\/\ o 2. Reduction /\/\\ SN
N 3.0 N DR
N-
F
N= Scaf_10
NO, \<R2 -
Reaction type: Carbocyclic 5 and 6-membered Non-Aromatic Rings formation
Ar
[Ir] A I:‘
o]
11.[50] SPODWN . 4/ /Hk “blue LED armray . /DO O
g ‘ R Scaf_11
R S~ Y VN W 0
12.[51] o@ N
s WAVAULT 2 Rlkaz Scaf 12
o)
RO L 0 =
13.[27] NTON — NJLD N
H
H V
H) Scaf_13
o o) =
VAVA RY /\/\N . oo
14.[49] NH, + MeO | - / R H
B2 2 Scaf_14
1 q O
R OH Rl Hth
15. [49] /\/\ )J\/\/NHZ /\ /\/\\ JK/\/MNH H
27
R \( Scaf_15
o
o)
Q O  Zr(DS)s, ACN/H,0 E =0
16521 oo H:H ° H
NH
O ADQOHW™_ Scaf_16
1'©/\NH2
o Ph—\ O NH
17.[52] O _ Zr(DS)s, ACNH0 o Nw
N 0 )~ Scaf_17
NH 2. SDOW _ g -
N
H
N._O
J
Scaf_18
OON_ ] ] o o N_o
Ry QDU
K & Scaf 19
NH o
|
Scaf 20
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Continuation of Table 1

1] 2 | 3
Reaction type: Polycyclic Non-Aromatic Rings formation
VO™
N
N o S
- oo <~ (L
19. [53] W R%Rl NH S Y
\ Pyrrolldlne/BzOH Scaf 21
DMSO/H-0 -
H
N_ O
L
0 o) N/go
DON_~, A~ H
M/\ N Scaf_22
20. [54] M Ph 0
Ph Me " oPEA °© NH N
X=CHorN dioxane/H,0 HN\( | S
o) N/&O
H
Scaf 23
NH T H
Me NH,
' / -~ Me HN N HNQ_Q
21.[55] SIDHWN 7y 0 s | N
— H
° o] Scaf_24
[6)
QN Lo UL
N H N
22. [56] H + —
: H S Hzo H
s
N. Scaf_25
0
23.[51] @ij‘“
Scaf_26
Me HN-O
M M NHOH o H N-Q @(&/ﬁ
€ M "~
24.157] J\©f”\ NaOAc aq ‘NaOAc aq bulel ” Y o
O Scaf_27
N
0 H
o Rt N. 8 WAVAN o
O*/\/\NJK/O NTRT jauagshrg \HJ\/ Scaf_28
25.[58] H \©\WH + aqg. NHy/MeNH, . ? ) .. o
© //Q"’OH Rl’l\l"\“R2 N-NH
H
Scaf 29
o)
O PO
VAVA H RS0 Oﬁ)i; HN)§©
N —_— O
26. [49] HJ\/\/ \VQ A AN M~ NN kN
O NH N h H
R Scaf_30
Notes:

1. /PPN - DNA fragment (double-stranded), ds-DNA
2. /\_/"\U - DNA fragment (single-stranded), ss-DNA

3. O_/\/\ — ss-DNA fragment on a solid support
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Table 2. The impact of heterocyclization-derived scaffolds to the bifunctional BBs chemical space

# Sub-class Scaffolds in ref Molecules in ref Unique scaffolds Unique molecules
1 |Acid_Aldehyde 6 12 55 331
2 | Acid_Alkyne 6 10 25 141
3 |Acid_ArX 79 234 311 2440
4 |Acid_Azide 13 24 21 71
5 |Acid_Ester 23 71 95 521
6 | Acid_Nboc 257 806 349 1919
7 | Acid_Ncbz 10 28 23 84
8 |Acid_NCS 0 0 2 7
9 |Acid_Nfmoc 179 437 247 1509
10 |Acid_Nitro 29 46 119 781
11 |Aldehyde_ArX 20 54 92 820
12 |Aldehyde_Azide 0 0 6 8
13 |Aldehyde_Ester 11 37 68 368
14 | Aldehyde_Nboc 53 115 86 262
15 |Aldehyde_Nitro 7 11 46 222
16 |Aldehyde_SO2X 0 0 4 12
17 | Amino_Alkyne 23 63 59 430
18 |[Amino_ArX 177 422 577 3352
19 [Amino_Azide 7 16 21 54
20 |Amino_Ester 267 878 523 4047
21 | ArX_AlkyneCH 2 4 18 108
22 | ArX_ArX 57 168 232 1227
23 | Azide_ArX 4 8 11 80
24 | Azide_SO2X 0 0 3 17
25 | Diamines_Nbn 67 131 75 205
26 | Diamines_Nboc 302 807 469 1761
27 | Diamines_Ncbz 11 18 19 46
28 | Diamines_Nfmoc 3 7 9 11
29 | Ester_lsocyanates 1 2 6 31
30 |[Ester_SO2X 9 29 43 372
31 |Functional tetrazine 0 0 2 8
32 |[Functional_Boronates 21 40 90 562
33 | Functional_BF3K 8 12 18 51

Table 3. The impact of heterocyclization-derived scaffolds to the trifunctional BBs chemical space

# Sub-class Scaffolds in ref Molecules in ref Unique scaffolds Unique molecules
1 2 3 4 5 6
1 |1,3,5-Trisfunctionalised_benzenes 12 15 20 257
2 |Acid_Aldehyde_AlkyneCH 0 0 1 1
3 |Acid_Aldehyde_ArX 1 3 6 23
4 | Acid_Aldehyde_Nitro 0 0 1 4
5 |Acid_ArX_Ester 0 0 5 16
6 |Acid_ArX_Nitro 0 0 9 71
7 | Acid_Ester_Nitro 0 0 2 5
8 | Amino_ArX_ArX 3 10 35 172
9 | Amino_ArX_Nitro 0 0 13 102
10 |[ArX_ArX_ArX 3 4 27 93
11 | ArX_ArX_Carboxy 9 27 27 201
12 | Azide_ArX_Carboxy 0 0 0 0
13 | NbocAA_AlkyneCH 1 2 4 16
14 | NbocAA_ArX 4 6 18 69
15 |NbocAA_Ester 4 10 4 30
16 |NbocAA_Nitro 0 0 1 4
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Continuation of Table 3

1 2 3 4 5 6
17 |NbocArX_Amino 10 11 29 40
18 | NbocEsterAA_Aldehyde 3 3 7 10
19 | NbocEsterAA_Amino 23 41 24 57
20 |NbocNCbzAA 2 2 4 8
21 | NbocNfmocAA 21 34 23 75
22 | NfmocAA_alkyneCH 1 1 3 7
23 | NfmocAA_ArX 17 20 15 54
24 | NfmocAA_Ester 1 4 5 27
25 | NfmocAA_Nitro 0 0 1 3

Table 4. The overall quantity of bi- and tri-functional molecules containing the generated scaffolds (stock and virtual)

Scaffold Bifunctional BBs Trifunctional BBs
# Scaffold (SMILES
@ ( ) Structure/Code Stock Virtual Stock Virtual
1 2 3 4 5 6 7
1 C1CCNC1 H 2078 7871461 109 485045
Scaf_12
2 ciccca D 1104 5941890 27 312303
Scaf_11
I N
\
3 S1C=CN=C1 ES> 648 1533087 15 75218
Scaf_05
(0] NH
4 C1COCCN1 _/ 305 939622 3 51623
Scaf_17
5 N1C=CN=N1 ”’ 175 660222 2 53908
Scaf_01
N/
6 C1=CC=NN=C1 N\ | 232 573015 33 52826
Scaf_08
N
| >
7 N1C=NC2=CC=CC=C12 Z H 69 175965 0 3524
Scaf_10
N
¢ Tl
8 01C=NC=N1 O/N 39 156634 0 5888
Scaf_04
N-N,
LN
9 N1C=NN=N1 H 29 103910 3 5056
Scaf 02
10 CINCC=C1 Q 21 57571 0 4304
Scaf 13
2N =N
11 C1=CN2C=CC=CC2=N1 CNrj 97 50346 5 1530
Scaf 09
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Continuation of Table 4

1 2 3 4 5 6 7

12 O=CINCCO1 N 5 15795 0 756

13 0O=C1CNCN1 L 5 4651 0 133

N o
14 C1CC2—C=(g\ll)C—NN l{l;)i/\l’\lH 0 2694 0 16
5 o=c1Nc=%c122=cc=cc ©ij\m 2 274 0 5

16 O=CINCC=C1 N 2 253 0 11

17 C1CC2=C(CN1)NC1=C 10 220 0 2

—CC= N
C=CC=C21 H

H
N
18 0=C1CC=CCN1 g 0 96 0 12

0=CINCNC2=CC=CC HNK

X3
20 C1CC2(CCCCO2)NN1 ”'NH 0 0 0 0

501
C1CC2CNC3=CC=CC
21 CGONI y 0 0 0 0

C1ONC2C1COC1=CC
22 =Cc=C21 ©\/Y 0 0 0 0
0
O NH
23 C1COC2(C1)CCNN2 N 0 0 0 0

8
S
(I
24 C1COC2=C(C1)SC=N2 o N 0 0 0 0
1

19
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Continuation of Table 4

1 2 3 4 5 6 7
)
C1CCCC2=C(CC1)C .
25 -NN=C2 N 0 0 0 0
Scaf_06
N-N
L
26 01C=NN=C1 o 0 0 0 0
Scaf_03
H
N__O
27 0O=C1CCC=CCN1 U 0 0 0 0
Scaf_19
NH o
28 0=C1CCCC=CCN1 l 0 0 0 0
Scaf_20
H
N O
0O=C1INC(=0)C2(CNC3=CC NH
29 o - 0 0 0 0
=CC=C3C2)C(=0)N1 e ,go
H
Scaf 22
H
N._N_ O
| N
O=C1NC(=0)C2(CNC3=NC WNH
30 0 0 0 0
=CC=C3C2)C(=0)N1
)C(=0) =N
H
Scaf_23
A
Bifunctional BBs Bifunctional BBs
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Figure 8. The visualized impact of the on-DNA heterocyclization reactions-derived scaffold to the existing chemical space of stock (A)
and tangible virtual (B) bifunctional DEL-viable BBs
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Figure 9. The visualized impact of the on-DNA heterocyclization reactions-derived scaffold to the existing chemical space of stock (A)

and tangible virtual (B) trifunctional DEL-viable BBs

B Conclusions

We have analyzed both stock and virtual che-
mical spaces of bi- and tri-functional DELT-viable
building blocks using Enamine Ltd. stock collec-
tion (ca. 30000 molecules) and Chemspace Ltd.
tangible set (over 43 million structures) as case
studies. Despite seeming variability within both
groups (bi- and tri-functional BBs), the compounds
with functions suitable for classic cross-coupling
reactions, such as amide couplings or ArX — NHR,
couplings, namely acids, amines, protected amines
and aryl halides, vastly outnumber other func-
tional classes. The latter significantly limits both
current and nearest-time potential chemical di-
versity of the DNA-encoded libraries composed
on the basis of these types of BBs, especially on
the background of the huge size of such libra-
ries: literally what we get is massive numbers of
chemically homogeneous molecules, and it extre-
mely complicates readout at the stages of the bio-
logical testing. Considering the fact that in case
of the cross-coupling approach to the DEL syn-
thesis, the overwhelming majority of potentially
useful transformations were already adapted for
DNA-friendly conditions, one promising way to

approach better diversity of DEL chemical spa-
ce 1s to facilitate the synthesis of less common
classes of bi- and tri-functional cores like those
with sulfonyl halide, boronate, nitro- or aldehy-
de FGs. However, recent advances in on-DNA
heterocyclizations introduced some new chemo-
types to the field. Surprisingly, adding 30 scaf-
folds derived from 26 types of heterocyclizations,
even with many of these scaffolds already being
a part of the multifunctional cores space, has al-
lowed to expand the general scaffold diversity of
the chemical space observed by more than 30%.
This finding clearly indicates that adapting the
existing and/or finding new heterocyclizations
suitable for DNA-friendly conditions, which first
and foremost could feed on the existing pool of
BBs, is another very potent way to expand the
scaffold diversity in DELs.
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Biological Activities of Tetrahydroisoquinolines Derivatives

Abstract

1,2,3,4-Tetrahydroisoquinoline (THIQ) is a common scaffold of many alkaloids isolated from several plants and mammalian
species. THIQ derivatives possess a broad spectrum of biological activities, including antitumor, antitubercular, antitrypano-
somal, antibacterial, anti-HIV, anti-inflammatory, anti-Alzheimer, and anticonvulsant ones.

Aim. To cover updated studies on the biological properties of THIQ derivatives, as well as their structure-activity relationship
(SAR), in order to highlight the effect of diverse functional groups responsible for the manifestation of the desired activity.
Results and discussion. We have presented the review on biological activities of THIQ. The SAR studies show that the elec-
tron-donating, electron-withdrawing and some heterocyclic functional groups on the backbone plays a vital role in modulat-
ing the biological potential of the compounds synthesized.

Conclusions. This review will help pharmaceutical researchers to synthesize novel and potent compounds containing THIQ
scaffold.

Keyword: tetrahydroisoquinoline; assessment of biological activity; structure-activity relationship; molecular docking

M. A. OxkoppaaH, O. E6eHesep

Kagpeopa ximii, @arkynemem npupodHu4ux HayK, TexHonoziyHul yHisepcumem MaHaocymy,

LLloce Ipighgpimc MkceHze, 511, Ymnaszi, 4031, lie0eHHO-AppuKkaHcbKa Pecrnybnika

bionoriyHa aKTUBHICTb NOXiAHMUX TeTpariapPoi3oXiHONIHY

AHoTauin

1,2,3,4-TeTparigpoizoxiHoniH (TT1X) € po3noBcioaKeHMM KapKacom 6araTbox ankanoigis, BUAINEHUX 3 KiIbKOX BUAIB POC/IUNH
i ccasuiB. MoxigHi TMIX matoTb LWMPOKKUI cneKTp BioNoriYHNX aKTUBHOCTEN, 30KpEMaA NPOTUNYXAUHHY, NPOTUTYBEPKYbO3HY,
NPOTUTPUNAHOCOMHY, aHTMBaKTepianbHy, aHTU-BIJ1, NpoTn3ananbHy, MPOTUCYAOMHY Ait0, @ TAKOXK € NEPCNEKTUBHUMM areH-
TamMK ANA NiKyBaHHA XBopobu AnbLrerimepa.

MerTa. Lleit ornag oxonatoe oHOBAEHI AOCAIAMKEHHS 3 bionoriyHMX BhacTuBocTer noxigHux Tr1X, a TaKoX B3aEMO3B’A30K MiXK
IXHbOK CTPYKTYpOtO Ta aKTUBHICTIO (SAR), Wwob nigkpecnntn BnaMB pisHOMaHITHUX GYHKLiOHaNbHMX FPyn, BiANOBiAaNbHUX
3a nposB 6axkaHOT aKTUBHOCTI.

Pe3ynbTtaTtu Ta ix o6roBopeHHA. Y poboTi HaBegeHo ornag 6ionorivyHoi akTuBHOCTI TIX. SAR aocniasKeHHs ceigyaTh, LLO
€/1eKTPOHOA0HOPHI, €/IEKTPOHOAKLUENTOPHI Ta AeAKi reTepounKivyHi GyHKLioHaNnbHI rpynu, 38’A3aHi 3 Kapkacom TTIX, Bigi-
rPatoTb AyKe BaXKAMUBY PO/b Y MOAY/HOBaHHI 6i0N0rYHOro NoTeHLiany CMHTE30BaHUX CMONYK.

BucHoBKM. Llelt ornag Aonomoke AocnigHMKam y ranysi papmaueBTUKM CUHTE3yBaTW HOBI Ta eDEeKTUBHI CNOYKHK, LWLO Mic-
TATb 6a30By cTpyKTYpY TrIX.

Knrouoei caoea: TeTparigpoizoxiHnoniH; ouiHKa 6ionoriyHOT aKTUBHOCTI; 3B’A30K CTPYKTYpPa-aKTUBHICTb; MONEKYNAPHUI
OOKIHr
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H Introduction

1,2,3,4-Tetrahydroisoquinoline (THIQ) is a com-
mon scaffold of many alkaloids isolated from se-
veral plants and mammalian species. Several syn-
thetic routes for the synthesis of substances that
could be incorporated as privileged structural mo-
tifs into therapeutic compounds have been repor-
ted, and this has led to outstanding advances in
drug discovery. Although most of the general me-
thods for the synthesis of THIQ involve with the
metal-catalyzed hydrogenation of isoquinolines
[1], THIQ possesses a broad spectrum of biological
activities, including antitumor, antitubercular,
antitrypanosomal, antibacterial, anti-HIV, anti-
inflammatory, anti-Alzheimer, and anticonvul-
sant ones [2—9]. Some of the naturally occurring
THIQ-based compounds and clinically available
THIQ drugs, such as quinapril, noscapine, tubo-
curarine (one of the quaternary ammonium mus-
cle relaxants), and apomorphine, are shown in
Figure 1. Examples of clinical drugs containing
4-substituted THIQ include nomifensine and di-
clofensine. Nomifensine is a bicyclic antidepres-
sant, and its powerful inhibitory effect on the do-
pamine uptake makes the drug have a distinct
pharmacological profile different from that of tri-
cyclic drugs [10]. The drug was withdrawn from the
market due to the large number of reported cases
of acute hemolytic anemia with intravascular he-
molysis. The continued use of the drug required
a new strategy to reduce the dose and increase
its effectiveness. Kang and coworkers reported
that nomifensine optimized by ionizing radiation
(IR)-NF could enhance the therapeutic effective-
ness in obstructing breast cancer proliferation by
inducing cell death [11]. Diclofensine (Ro-8-4650) is
an effective monoamine reuptake inhibitor, block-
ing the uptake of dopamine, noradrenaline, and
serotonin by rat brain synaptosomes with IC,,va-
lues of 0.74, 2.3, and 3.7 nM, respectively. In addi-
tion, diclofensine binds to adrenergic, dopamine,
serotonin, and trace amine-associated receptors
[12]. This review, therefore, aims to present an
updated information on the biological properties
of THIQ derivatives and their structure-activity
relationship (SAR) in order to highlight the ef-
fect of diverse functional groups responsible for
the manifestation of the desired activity.

B Results and discussion

Orexin receptor antagonists
Orexins (hypocretins) have been reported in
the literature as endogenous compounds for two

orphan G-protein-coupled receptors in the lateral
hypothalamic area. Orexins can initiate orexin
neurons, monoaminergic and cholinergic neurons
to conserve an extensive, consolidated awake
period in the hypothalamus/brainstem regions,
[13, 14]. The orexin receptor stimulus is primari-
ly excitatory and releases various neurotransmit-
ters responsible for maintaining arousal, wake-
fulness, and appetite. Currently, three orexin re-
ceptor antagonists, namely, suvorexant, lembo-
rexant, and daridorexant, are FDA approved for
the treatment of insomnia. Several THIQ deri-
vatives have been reported as orexin antagonists.
ACT-335827, a phenylglycine-amide-substituted
THIQ derivative, was reported by Actelion and
coworkers as potent and OX, selective (1, IC;,
0OX,=6 nM and OX,=417 nM) [15]. RTIOX-276,
2 blocked the development of the locomotor sen-
sitization to cocaine in rats and thereby reduced
cravings for cocaine [16, 17] (Figure 2).
Watanabe and coworkers designed novel tet-
rahydroisoquinoline derivatives with a fluoroe-
thyl group and evaluated their effectiveness for
positron emission tomography (PET) imaging
of OX,R [18]. To quantify the affinity for OX,R
and OX,R, the in vitro competitive inhibition as-
says using OX R or OX,R cells were carried out.
The assay used Orexin A as the competitive li-
gand because of its affinity to OX,R and OX,R.
The compounds synthesized showed higher
binding affinities for OX,R than OX,R in vitro.
Compounds 3 and 4 displayed superior binding
affinities for OX,R (at 30 and 31 nM, respective-
ly) than OX,R (160 and 332 nM, respectively).
The selectivity for OX,R (3) and OX,R (4) were
5.3 and 10.6, indicating that THIQ derivatives
selectively bind to OX,R. A biodistribution study in
normal mice was evaluated to determine the brain
uptake of compounds 3 and 4. The results showed
that brain uptake of 3 was higher compared to
4, and the radioactivity of compound 3 remained
in the brain for 60 min. Thus, the brain-to-blood
ratios of THIQ derivatives increased with time,
but the maximum uptake (3: 0.99% ID g, and
4:0.57% ID g') and blood-to-brain ratio (3: 0.44,
and 4: 0.34) were not satisfactory for in vivo brain
imaging. Although the compounds synthesized
are potentially imaging probes for PET targeting
the OX,R, optimization or structural changes are
needed to improve their brain uptake (Figure 3).
The importance of substitution in positions
6 and 7 of the THIQ moiety and the effect of re-
moving one of the methoxy groups as a selec-
tive antagonist of OX,R has been reported [19].
The activity of the targeted compounds 5—7 at
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Figure 1. Some naturally occurring and clinically available THIQ-based compounds

the OX, and OX, receptors was evaluated using
calcium mobilization-based functional curve shift
assays. The n-propyl derivative 5a was the most
potent compound of the series, with a Ke value
of 23.7 nM, and was 108-fold greater selective
for OX, over OX,. The ethyl and isopropyl sub-
stituents showed slight potency compared to 5a,
(Ke = 37.3 nM and 49.7 nM, respectively), but
had a superior OX, selectivity (268- and 201-fold,
respectively). The position 7 is essential for the

OX, antagonism. Meanwhile, several 6-amino com-
pounds (7) containing ester groups showed a mo-
derate potency (7a, Ke = 427 nM) (Figure 4).
Perrey et al. reported THIQ based com-
pounds 8 and 9 with an excellent OX, potency
and selectivity [20] (Figure 5). Most of the com-
pounds synthesized demonstrated suitable acti-
vities. The introduction of a nitrogen atom into
the structure did not significantly change the
potency, but reduced the lipophilicity of these

ISSN 2308-8303 (Print) / 2518-1548 (Online)



MeO

MeO
MeO

ACT-335827
OX4 IC55 =6 NM
OX2 IC50 =417 nM

MeO

Journal of Organic and Pharmaceutical Chemistry 2023, 21 (1)

RTIOX-276
OX; Ke = 8.5 nM
OX, Ke = 10,000 nM

Figure 2. Chemical structures of THIQ derivatives, ACT-335827 and RTIOX-276

MeO
BYOW:
N
MeO \)kN
MeO H
18F\/\O O
3

OX;R /C50 =30.3+x4.3nM
OX,R ICso = 160.1 + 38.5nM

MeO
XIS
18k N
MeO ! H
MeO
4

OX;R /C50 =31.3+£13.2nM
OX,R ICso = 331.9 + 82.0 M

Figure 3. Chemical structures of THIQ derivatives acting as OX,R antagonists

compounds. The 3-dimethylamino analog was the
most potent in the first series, with a Ke value
of 21 nM. When a pyridinylmethyl group was in-
troduced in position 4, the potency was moderate
(Ke = 96.4 nM), and the selectivity of > 100-fold.
The substitution at the 1-benzyl position results
in compounds with a good selectivity for the OX
receptor over the OX, receptor. Meanwhile, the
replacement of benzylacetamide with the 3-pyri-
dyl group displayed OX, antagonists (compound
9a, Ke = 5.7 nM). The calculated clogP and PSA
value of compound 9a were 3.07 and 70, respec-
tively, suggesting the solubility of compounds.
Further study showed that 9a displayed a good
kinetic solubility (> 200 uM) and BBB perme-
ability. Besides, compound 9a possessed the low
Pgp activity with an efflux ratio of 3.3.

PDE4 inhibitors

Phosphodiesterase is an enzyme with unique
functions, hydrolyzing the cyclic nucleotides, such
as cyclic adenosine-3,5-monophosphate (cAMP)
and cyclic guanosine-3,5-monophosphate (cGMP),
to their inactive 5'-nucleotide monophosphate,
5'-AMP and 5'-GMP, respectively [21, 22]. Phos-
phodiesterase 4 (PDE4) is a cAMP specific hydro-
lase and is identified as one of the 11 members
of the PDE super-family. In addition, it predomi-
nates in many cells, such as keratinocytes, en-
dothelial cells, hematopoietic cells, and nerve cells.
PDEA4 is encoded by four genes PDE4A, PDE4B,

PDE4C, and PDE4D, with separate, distinct cel-
lular distributions and functions. PDE4 plays a
central role by regulating pro-inflammatory and
anti-inflammatory cytokines and cell prolifera-
tion via the degradation of cAMP [23]. This has
made PDE4 a leading target for the treatment
of inflammatory diseases, such as psoriasis, ar-
thritis, and atopic dermatitis. Three PDE4 inhi-
bitors have been clinically evaluated and approved
for treating inflammatory disease: roflumilast, ap-
remilast, and crisaborole. To discover potent and
effective PDE4B inhibitors, a 3-substituted car-
boxylic ester was incorporated into the THIQ
scaffold 10-13 (Figure 6). All the targeted com-
pounds were evaluated for their inhibitory ac-
tivity in vitro against PDE4B, using rolipram as
a positive control [24]. The IC,,values of the com-
pounds being assessed displayed moderate to
good inhibition against PDE4B between IC;,va-
lues of 0.95-23.25 uM. Compound 13a showed the
most potent inhibitory activity against PDE4B
with an IC;, of 0.88 uM, which was 21-fold su-
perior and with more potent selectivity toward
PDE4B than PDE4D compared to rolipram.
The structure-activity relationship study showed
that the presence of either the electron-donating
groups, such as the hydroxyl or methoxy group,
or the electron-withdrawing group OCF, to the
phenyl ring in the para-position improved the
inhibitory activity against PDE4B.
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Figure 4. The chemical structure of THIQ derivatives acting as orexin receptor antagonists

The development, synthesis, and pharmaco-
logical evaluation of novel phosphodiesterase 4
(PDE4) inhibitors containing 7-(cyclopentyloxy)-
6-methoxy-1,2,3,4-tetrahydroisoquinoline ring were
reported 14-17 [25]. The compounds synthe-
sized exhibited considerable effects on PDE4B.
Among them, compound 14f displayed a promi-
sing inhibitory effect with IC;, of 2.3 uM, which
was comparable to the positive control — roli-
pram (IC,, = 1.3 uM) (Figure 7). The SAR studies
showed that multiple substitution effects in the
ring B (R}, R? and R?) demonstrated that the mo-
dification of the ring B was crucial. The presence
of halogen atoms, such as F (14b, IC,,= 23.3 uM)
and Cl (14c, IC,, = 15.5 uM), resulted in a su-
perior or comparable activity in relation to the
unsubstituted derivative (14a, IC,,= 23.5 uM).

Meanwhile, substituting methoxy groups in
the ortho position of the phenyl ring B lessens

the inhibitory activity against PDE4B (14d,
1C,, = 37.0 uM). The substitution of methoxy and
hydroxyl groups to the phenyl ring B in the meta
and para positions gave the most active com-
pound 14e; this indicated that electron-donating
groups in these positions favored the bioactivity.
The activity decreased drastically when the ben-
zene or pyridine ring was changed to cyclohexane
(compounds 16 and 17) (Figure 7). This may be
due to the presence of three free hydroxyl groups
and an amine hydrochloride on the cyclohexane
ring, respectively. The docking study of the most
active compound revealed that the catechol di-
ether formed hydrogen bonds with the conser-
ved GIn443, and the THIQ moiety was notably
positioned between Phe446 and Ile410. The para-
hydroxyl group of benzoyl imide formed a hydro-
gen bond with Asp27 and His234 to enhance the
binding affinity with the enzyme.
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SGLT?2 inhibitors

Sodium-dependent glucose cotransporters (or
sodium-glucose-linked transporter, SGLT) are a
glucose transporter family. SGLT2 is responsible
for more than 90% of the renal glucose reabsorp-
tion, whereas SGLT1 is for the remaining 10%.
This indicated that renal glucose reabsorption
is referred mainly by SGLT2 and to a reduced
amount by SGLT1. Hence, selective SGLT2 in-
hibitors would be suitable for antidiabetic agents,
and many SGLT2 inhibitors as antidiabetic agents
have been approved [26, 27]. Pan and coworkers
synthesized and evaluated a series of novel
THIQ-based C-aryl glucosides to inhibit human
SGLT2 [28] (Figure 8). The SGLT2 inhibitors were
studied by substituting the proximal phenyl ring
of dapagliflozin (18) with the conformation
restricted THIQ ring (compounds 19 and 20).
All the compounds synthesized were evaluated
in a cell-based SGLT2 functional assay in a con-
centration of 10 mM, and dapagliflozin was used
as the reference compound. Compound 19a con-
taining a naphthalene ring exhibited great poten-
cy in the SGLT2 inhibitory activity (81.7%) com-
pared to dapagliflozin (85.4%). The SAR studies

showed that the introduction of thiophene resul-
ted in the unfavored inhibitory activity against
SGLT2, indicating that an electron-rich ring was
not tolerant in this position. The introduction of
the weakly electron-donating C,H; group in-
creased the inhibitory activity compared to the
strong electron-donating (C,H,O group). The re-
placement of C,H, with phenyl significantly in-
creased the inhibitory activity. Since dapagliflo-
zin and compound 19a exhibited a comparable
inhibitory activity in vitro against SGLT2, this
might be a promising hit for treating type 2 dia-
betes.

P-glycoprotein inhibitors

P-glycoprotein (P-GP) can reduce absorption;
it also has poor oral bioavailability, and can de-
crease the retention time of several drugs in co-
ordination with the intestinal wall metabolism
[29, 30]. It is noteworthy that P-GP is one of the
leading barriers to cancer treatment with chem-
otherapy. A series of new P-GP inhibitors 21
(Figure 9) were designed and synthesized. The
compounds were combined with doxorubicin in
MCF-7/ADR cells to evaluate their reversal ac-
tivity against multidrug resistance (MDR) [31].
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Compound 21a containing the isopropoxy group
displayed higher potency against P-GP mediated
MDR in MCF-7/ADR (IC,, (doxorubicin) = 0.73 uM,
RF = 69.6 with 5 uM 21a treated). Further stu-
dies showed that 21a efficiently inhibited the P-GP
efflux function but not its expression. The rever-
sal activity of compound 21a at 5 uM against

doxorubicin in MCF-7/ADR exceeded that of all
compounds tested, including the positive con-
trols — cyclosporin A (IC;, (DOX) = 0.86 uM, RF
= 59.1) and verapamil (IC;, (DOX) = 4.25 uM,
RF =11.9). The SAR studies showed that the mo-
derate activity was observed in the compound con-
taining more than one methoxy group in the
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Figure 10. Compound 22a displayed a high promising inhibitory activity against doxorubicin resistant K562/A02 cells

benzene ring. Meanwhile, the length of the sa-
turated aliphatic chain and the appropriate ste-
ric substituents, such as the isopropyl group, are
essential to achieve the best activity. The mole-
cular docking analysis demonstrated that com-
pound 21a formed a crucial hydrogen bonding
interaction between the oxygen atom of the fu-
ran ring and the NH of GIn721. Besides, there
was a lack of amino acid residues around the
isopropoxy group that could generate intermo-
lecular actions.

A series of novel P-GP-mediated MDR modu-
lators containing phthalazinone and THIQ scaf-
folds were designed and synthesized by Qiu et al.
[32]. Most of the targeted compounds 22 are su-
perior to the standard (verapamil) (Figure 10).
Among the targeted compounds, 22a displayed
a high promising inhibitory activity against do-
xorubicin-resistant K562/A02 cells with a low
EC,, (46.2 + 4.7 nM) and the lack of cytotoxicity
towards normal cells (IC,,> 100 uM). The num-
ber and position of substituents on the ring sig-
nificantly influence the reversal activity. Substi-
tution in position 3 of the phenyl ring led to a
steady or reduced activity, while substitution in
position 4 gave a strong activity. In addition, an
increase in the number of substituents reduces
the activity. The molecular docking studies de-
scribed in detail the interaction between the re-
sidues and compound 22a in the hydrophobic
pocket of the P-GP. Compound 22a formed the
H-bond interaction with the residue Gln 721 and
the n-nt stacking interaction with Tyr 303. The ter-
tiary amine N atom of compound 22a captures a
hydrogen ion, developing a positive charge center
to interact with the residue Phe728; this inter-
action helps to maintain the activity.

A new MDR reversal agent was designed
and synthesized by selecting tariquidar as the
lead compound and triazole as the bioisoster to
replace benzene. The amido bond was modified

by the secondary amine [33]. Thus, the click
chemistry method linked the various chemical
structures to the aromatic amides yielding com-
pounds 23 and 24 (Figure 11). Among the com-
pounds tested, compound 23a containing the
3,4-dimethoxy group in the benzene ring demon-
strated a potent effect compared to the positive
control and the lack of cytotoxicity towards K562
and K562/ A02 cells. The MDR reversal effect
of compound 23a (IC,,/DOX (uM) = 1.30 + 0.35,
RF =18.7) could last over a certain period, long-
er than that of VRP. Further research suggest-
ed that compound 23a displayed a significant
potency in an increased doxorubicin accumula-
tion in K562/A02 cells and further decreased the
P-GP-mediated efflux of Rh123. The compound
possessing three substituted dimethoxy groups
showed a good potency, while derivatives of
compound 24 demonstrated an insignificant ac-
tivity.

To identify ideal P-GP inhibitors reversing
MDR in non-toxic concentrations, THIQ based
compounds were designed [34] (Figure 12).
The MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphe-
nyltetrazolium bromide) assay was used to eva-
luate the cytotoxicity of the compounds synthe-
sized against the human erythroleukemia K562
cells and the adriamycin (ADM)-resistant K562/
AO02 cells. The well-known classical P-GP inhibi-
tor (verapamil) was used as the reference com-
pound. Most target compounds displayed a low
cytotoxicity and exhibited more active MDR re-
versal activity than verapamil. Compound 25a de-
monstrated the strongest reversal activity with
1C,, of 1.76 = 0.3 uM. Further studies suggested
that the most active compound effectively im-
peded the ADM efflux function of P-GP and aug-
mented the accumulation of ADM in K562/A02
cells. Thus, 25a is a promising candidate for de-
veloping P-GP-mediated MDR reversal modula-
tor in cancer chemotherapy.
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A total of 17 novel THIQ P-GP inhibitors were
designed and synthesized by structure simplifi-
cation and bioisosterism [35]. The results of in vitro
cytotoxicity and reversed MDR activity showed
that all the targeted compounds demonstrated
no significant cytotoxicity with IC;, > 30 uM on
both K562 and K562/A02 cells (P-GP overex-
pressed). Compound 26a had the reversal activity,
which was superior to the control (verapamil),
significantly increased ADM accumulation in
K562/A02 cells, and obstruct the efflux of Rh123
concurrently (Figure 13). The SAR studies showed
that the compound with 4-tert-butylphenyl sub-
stituent displayed the highest activity (IC;, =
1.22 + 0.3 uM), while the compound with 3,4-di-
methoxyphenethyl substituent was somewhat in-
active with IC,of 41.48 + 1.7 uM. In addition,
the compounds containing substituents in position
4 of the benzene ring had a significant activity
compared to those containing substituents in po-
sitions 3, 4. Compound 26a interacted with the
P-GP receptor via the n-n interaction of the ar-
omatic ring and the hydrophobic interaction.
The superimposition with tariquidar indicated
that the target compound 26a might have a si-
milar binding site with the tariquidar in the ac-
tive pocket of the P-GP receptor.

A library of P-GP inhibitors 28 was designed
using alkyl as a linker between the phenolic group
of the biphenyl moiety of compound 27 and vari-
ous furazan derivatives containing substituents
with different stereoelectronic and lipophilic pro-
perties [36] (Figure 14). Among the compounds
tested, 28a—d displayed the highest activity with
EC,,, of 0.97 nM, 1.3 nM, 0.60 nM, and 0.90 nM,
respectively, making them potential candidates
for reverting MDR by co-administration of che-
motherapeutic drugs and P-GP modulating agents.

All the target compounds were inactive against
MRP1 and BCRP transported. In addition, the
high-affinity substrate profile of the active com-
pounds (28a-d) is attractive because of their pos-
sible employment in vivo imaging of the function
of P-GP through non-invasive imaging techni-
ques, such as PET and SPECT.

A series of THIQ derivatives 29-31 contain-
ing the 5-phenyl-2-furan moiety were synthesi-
zed, and their P-GP potency and selectivity were
evaluated [37] (Figure 15). Cyclosporin A and ve-
rapamil were adopted as the positive controls.
Compound 31a containing 6,7-dimethoxy and me-
thoxyl groups in the para-position of the benzene
ring showed the best bioactivity against P-GP
(EC,, = 0.89 uM) among all the title compounds,
which displayed better activity than both cyclospor-
in A and verapamil with an EC,, value of 83.68 uM
and 20.54 uM against P-GP, respectively, com-
pared to MC113 [38, 39]. Comparing the inhibi-
tory activity of these three series, compound 29
containing the 6,7-dimethoxy group demonstrated
a superior bioactivity than compounds 30 and 31.
Meanwhile, the presence of substituents in the
para-position of the benzene ring suggested that the
position was crucial for bioactivity. Compound 31a
with the highest inhibitory activity increased do-
xorubicin accumulation 9.2-fold at 20 uM in overex-
pressing P-GP MCF-7/ADR cells. 31a was well
fitted in the P-GP active site. The hydrogen bond
interaction was observed between the O atom
of the furan ring and the H at amine of GIn721
(distance: 2.59 A). The hydrophobic effect was
observed with three methoxy groups (-OMe) at
the benzene ring and THIQ, which enhanced
the binding affinity with the enzyme.

Wu and coworkers synthesized and biologically
evaluated new series of THIQ as P-GP-mediated
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Figure 15. The chemical structure of a potent compound against P-GP

MDR inhibitors [40] (Figure 16). The effects of
the target compounds on the reversing adria-
mycin (ADM) resistance toward K-562/A02 cells
(P-GP-overexpression) were carried out using the
MTT assay. The well-known classical P-GP in-
hibitor VRP, WK-X-34, and LBM-A5 were used
as the positive control. Compounds with triazol-

N-phenethyl-tetrahydroisoquinoline 32 were ge-
nerally more potent than compounds with tri-
azol-N-ethyl-tetrahydroisoquinoline 33. Among
them, compound 32a with a pointedly decreased
IC,,of ADM (1.21 £ 0.18 uM) showed the strong-
est reversal activity, and its reversal fold (RF)
was 31.4 compared to WK-X-34 (RF = 30.4)
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Figure 16. The chemical structure of a promising compound that showed the best MDR reversal activity among twenty-five targeted

compounds

and slightly higher than LBM-A5 (RF = 23.0).
However, most of the targeted compounds exhi-
bited more active MDR reversal activity than VRP
when co-administered with ADM under the same
condition. Electron-donating groups, such as
CH(CH,), and C(CH,),, showed higher MDR re-
versal activity than VRP, while OCH, showed
lower MDR reversal activity than VRP. In addi-
tion, electron-withdrawing groups demonstrat-
ed a poor MDR reversal activity. The size of the
substituent affects the MDR reversal activity.
The compound containing 4-tert-butyl was more
potent and showed more ADM accumulation in
K562/A02 cells than the compound substituted by
other alkyls. Compound 32a and the compound
with 4-tert-butyl substituent showed the best
MDR reversal activity among the twenty-five tar-
get compounds, with IC;, of 1.21 £ 0.18 pmol L™
and 1.86 + 0.15 umol L' compared to the lead
compound LBM-A5 (IC,,= 1.65 + 0.22 pmol L7?).

Antibacterial

The synthesis of THIQ-triazole derivatives 34
and 35 was strategically designed by using the
nitrogen atom of THIQ as an attachment to the
terminal alkyne [41] (Figure 17). The alkyne al-
lowed the incorporation of different substituted
aromatic rings via the formation of the triazole
ring using the Cu-catalyzed azide-alkyne cyclo-
addition. The compounds synthesized were eva-
luated against Gram-positive bacteria, namely
S. aureus ATCC25923, B. subtilis 168, and E. coli
MG1655. S. aureus ATCC25923 and methicillin.
B. subtilis 168. Besides, non-pathogenic E. coli

MG1655 was used as the model for Gram-nega-
tive organisms. All the compounds synthesized
were 1nitially screened for the growth inhibition
activity against S. aureus. Most of the compounds
gave a MIC value from 4 to 32 ug mL™?, and
compounds 34a—c with MIC values of 4 pg mL™
were observed as the promising candidates.
Further research showed that all sixteen com-
pounds were not active against Gram-negative
E. coli in the concentration of 128 pg mL™.
Compound 34a with an unsubstituted aromatic
ring showed no activity, indicating an increase
in polarity or even the compound length/size
may negatively impact the inhibitory properties.
The introduction of the tert-butyl group increased
the activity against S. aureus and B. subtilis.
The introduction of hydrophobic groups, such as
naphthalene and 4-biaryl, maintained the acti-
vity. The presence of hydrophilic and electron-
withdrawing groups, namely 4-chloro, 4-cyano,
4-nitro, and 4-dimethyl carbamoyl groups, dis-
played no significant activity when tested against
S. aureus. The presence of the CF, substituent,
an electron-withdrawing group with hydropho-
bic properties, enhanced the action at the MIC
of 32 ng mL" and 8 pg mL, respectively. The
introduction of a nucleophilic N-atom in 3,5-di-
chloropyridyl drastically reduced the inhibitory
activity. It is noteworthy that the presence of
electron-donating and electron-withdrawing ef-
fects merged with the hydrophobicity of either
tert-butyl or OBn increased the activity of 34a—c.
In addition, compound 34a, which effectively
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Figure 17. Chemical structures of promising THIQ compounds

inhibited S. aureus, prevented M. tuberculosis
H37Rv at MIC of 6 pg mL" with the lack of re-
sistance after thirty days of sequential passag-
ing. These results identified compound 34a and
its analogs as potential candidates for further
drug development for antibiotic resistance.

Anticancer

A series of fifteen THIQ derivatives 36—40
were synthesized, and their antiproliferative ac-
tivity were reported [42] (Figure 18). All the com-
pounds newly synthesized were screened for their
anticancer activity against a panel of five human
cancer cell lines, such as MCF-7 (breast cancer),
DU-145 (prostate cancer), A549 (lung cancer),
Hela (cervical cancer, and HepG2 (liver cancer)
using the MTT assay. Most compounds showed a
promising activity with ICy, values ranging from
0.72 to 92.6 uM. Among them, compounds 39a

and 39b exhibited a significant activity against
the prostate cancer cell line, namely DU-145,
with IC,, values of 0.72 and 1.23 uM, respectively.
The tubulin polymerization assay and the im-
munofluorescence determination suggested that
these derivatives effectively prevented the micro-
tubule assembly formation in DU-145. The re-
sults from further research, such as the cell cy-
cle analysis, western blot, DNA-fragmentation
analysis, caspase-3 activation studies, and anne-
xin V-FITC assay of 39a and 39b, showed that the
active compounds inhibited induced cell death by
apoptosis.

New THIQ derivatives 41-44 were designed,
synthesized, and biologically evaluated [43] (Figu-
re 19). The KRas activity of five compounds test-
ed (42a—e) was carried out on four different colon
cancer cell lines (HCT KRasSL, RKO KRasSL,
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Figure 18. Chemical structures of compounds that exhibited a significant activity against the prostate cancer cell line

Colo 320 KRasSL, and SNU-C1 KRasSL) using
three different concentrations (0.2 uM, 2 uM
and 20 uM). The results showed that all the
compounds studied had a higher overall KRas
inhibition. Surprisingly, alcohol 42a displayed
a lower KRas inhibition than other analogs.
The amine-containing compound 42c¢ demon-
strated the highest KRas activity profile on
RKO KRasSL, revealing that a terminal ionic
interaction led to an increased KRas inhibition.
The N-aryl-containing compounds (42d and 42e)
had the highest KRas inhibition on the colon 320
KRas SL cell line, suggesting that a low electron
density aromatic side chain structure resulted in
higher KRas activity. Compound 42e displayed
a significant KRas activity in the concentration
of 0.2 uM (RKO KRasSL 95.8% inhibition, HCT
KRasSL 35.9% inhibition). In addition, amine 42¢
and the alcohol 42a derivatives exhibited a
promising antileukemic activity (IC,, = 2.0 and
2.6 uM, respectively), and the study of cytotoxic
mechanisms suggested the involvement of KRas
inhibition in both without additional antian-
giogenic effects in the case of compound 42a.
The antiangiogenic evaluation was carried out
for 42a—e. The results showed that 42b and 42¢
possessed an interesting antiangiogenic activity,
while 42d and 42e exhibited an insignificant

activity, and 42a was inactive. Compound 42b
containing the nitrile group was the most potent
antiangiogenic agent. It displayed the highest
antiangiogenic (IC;,= 2.9 uM) and anti-osteo-
porotic activity, indicating that the dipolar lipo-
philic terminal group, such as the nitrile group,
enhanced the antiangiogenic and anti-osteopo-
rotic activity.

To identify promising anticancer agents,
a new series of THIQ derivatives 45 and 46
were designed and synthesized [44] (Figure 20).
The targeted compounds were tested against dif-
ferent human cancer cells. Compounds 45, incor-
porating either hydroxyl or trifluoromethyl groups
in the R? position of the phenyl ring displayed
a moderate antiproliferative activity with the
GI,, value of 4.365 and 4.224 uM, respectively,
whereas the incorporation of the methoxy group
in the same position led to the loss of activity.
For the THIQ scaffold containing a 4-chloroben-
zoyl group, the derivatives with methoxy groups
exhibited a significant activity on gastric cancer
cells, whereas all three compounds with hydroxyl
substituents had an inferior activity. Compound
46a with an ortho-methoxy group led to a 2-fold
higher activity (GI;, value = 1.591 uM) than the
compound containing a para-methoxy group
(GIL,, = 3.627 uM).
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Figure 19. Chemical structures of promising anticancer agents containing the THIQ moiety
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Figure 20. 1-Carbamoyl THIQ derivatives with a promising inhibitory activity against gastric cancer cells

CXCR4 antagonists were reported [45] (Figure 21). Compounds

CXCR4 antagonists 47 with an increased 47a,b containing chloro substituent on the pyri-
liver microsomal stability in human and mouse dylmethyl moiety are the most promising can-
models compared to the parent molecule TIQ-15 didates.
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Figure 21. Promising CXCR4 antagonists with a THIQ backbone

B Conclusions

This review presents a broad range of biolog-
ical activities of THIQ, it will give the reader an
idea of the therapeutic use of THIQ in various
diseases. Due to the promising effect of THIQ in
many biological activities, much attention has
been paid to its therapeutic role. The SAR stud-
ies of the above-mentioned compounds show a

better perception of the choice of an appropriate
substitution model comprising electron-donat-
ing, electron-withdrawing and some heterocy-
clic functional groups on the backbone plays a
vital role in modulating the biological potential
of the compounds synthesized. This review will
help pharmaceutical researchers to synthesize
novel and potent compounds containing THIQ
scaffold.
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Chemical Components of Essential Oils from Aerial Parts
of Pycnanthemum virginianum and P. californicum (Lamiaceae)
Plants

Abstract
Aim. The research is aimed at determining the qualitative and quantitative content of essential oils in the aerial part of two
species of the genus Pycnanthemum Michx. (Lamiaceae) — P. virginianum (L.) T. Durand & B.D. Jacks. ex B.L. Rob & Fernald
and P. californicum Norr. exDurand. The plants were introduced in the M. M. Gryshko National Botanical Garden of National
Academy of Sciences of Ukraine (Forest-Steppe zone). These are representatives of the flora of North America, and they are
little known in Ukraine. Plants have useful medicinal and nutritional properties, but the biochemical composition of their
essential oils has not been sufficiently studied in the world.
Materials and methods. In the experiment, the aerial herbal part of plants collected during the flowering phase was used.
The quantitative content of the essential oil was determined by the hydrodistillation method, and its qualitative characteristics
were found by the GC-MS analysis. The chromatographic profile was obtained on an Agilent Technologies 7890. The compo-
nent composition of the essential oil was determined on a gas chromatograph with a HP 6890 mass spectrometric detector
with a mass spectrometric detector 5973. We used a mass spectrometric detector 1.6 — 800 a.o.m., El ionization, SIM & Scan
mode, “Hewlett Packard”, USA. Identification of essential oil components was performed using the NIST mass spectrum
library in combination with AMDIS content-time identification programs.
Results and discussion. P, virginianum was found to produce 1.96 + 0.17 % of essential oil, in which 12 compounds out of 13 were
identified; P. californicum had 2.66 + 0.13 % of essential oil, 13 compounds out of 15 were identified. The essential oil sam-
ples obtained have pulegone as the dominant component: P. virginianum — 44.65 %, P. californicum — 86.07 %. In addition to
it, they also contain thymol, myrcene, 1.8-cineole, menthone, limonene and other compounds.
Conclusions. For the first time, the qualitative and quantitative composition of the essential oils of plants of P. virginianum
and P. californicum species introduced in Ukraine has been determined. The results obtained indicate that when introduced
plants have a high biosynthesizing ability to produce essential oil. Pulegone has been found to be the dominant component;
therefore, the essential oil can be classified as a pulegone-type essential oil. We believe that the raw material of P. virginianum
and P. californicum are potentially suitable for use in perfumery, cosmetics, aromatherapy, personal care products, dentistry,
and in the pharmaceutical and food industries.
Keywords: introduced plants; Pycnanthemum; components of essential oils; GC-MS
C. M. KosTyH-BoaaHuupbkal, I. B. Jlesuyk?, [. 6. Paxmetos?, O. B. lony6eu,b?
I HayioHanbHuli 6GomaniyHuli cad imeHi M. M. Mpuwxa HAH YkpaiHu,

syn. Cadoso-bomaniuHa, 1, m. Kuis, 01014, YkpaiHa
2 Haykoso-0ocnioHuli yeHmp sunpobysaHe npodykuii: Al «YkpMempTecmCmaHdapm»,

syn. MemponoziyHa, 4, m. Kuig, 03143, YkpaiHa
XimiuHi KomnoHeHTU edipHUX 0Nl i3 HaA3EeMHUX YaCcTUH pocauH Pycnanthemum virginianum
i P. californicum (Lamiaceae)
AHoTauinA
Merta. BU3HauMTK AKICHMI cKNapg, Ta KifbKiCHMI BMICT edipHMX 0Nl y HaA3eMHIN YacTuHI ABoX BUAiB poay Pycnanthemum
Michx. (Lamiaceae) — P. virginianum (L.) T. Durand & B.D. Jacks. ex B.L. Rob & Fernald ta P. californicum Norr. ex Durand.
PocnuHu iHTpoaykoBaHo B HauioHanbHomy 60TaHiyHOMY cagy imeHi M. M. lpuwka HAH YkpaiHu (nicoctenosa 30Ha).
Lle npeactaBHMKKM dpnopu MisHiYHOT AMepurKM, a B YKpaiHi BOHM ManoBigomi. POCAMHM MatoTb KOPUCHI liKyBa/ibHi Ta Xap4oBi
B/1ACTUBOCTI, ane 6ioxiMiuHWUI cknag, ixHix edipHUX 0Nl y CBIiTi BUBYEHO HEAOCTATHbLO.
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Martepianu Ta metogu. B ekcneprmeHTi BUKOPUCTAHO HaA3eMHy TPaB’sHy YacTMHY POCAMH, 3ibpaHy y ¢as3y KBiTyBaHHSA.
KinbkicHMiA BmicT edipHOi onii BU3HAa4Yanu mMeTogom rigpoaucTunauii, a i AKicHi xapaktepuctukm — metogom X-MC.
XpomartorpadiuHuii npodinb oTpumysanu Ha xpomatorpacdi Agilent Technologies 7890. KomnoHeHTHWUIH cknag, edipHoi onil
BM3Ha4aM Ha rasoBomy xpomatorpaci HP 6890 3 mac-CNeKTPOMETPUYHUM AeTeKTopom 5973. Mac-cnekTpoMeTpUYHNiA ae-
TekTop 1,6 — 800 a.0.m., El ioHizauis, SIM & Scan mode, «Hewlett Packard», CLUA. |aeHTM®iKaLilo KOMNOHEHTIB edipHOT onil
BMKOHYBaNu 3a gonomoroto 6ibniotekn mac-crnekTpis NIST y noeaHaHHi 3 nporpamamu igeHTudikauii Bmicty AMDIS.
Pe3ynbratu Ta ix o6roBopeHHs. BuasneHo, wo P. virginianum npoaykye 1,96 + 0.17 % edipHoi onii, y akii ineHTUdiKoBaHO
12 cnonyk i3 13 susienenux; P. californicum — 2,66 + 0,13 %, ineHTndikosaHo 13 cnonyk i3 15. OTpumaHi 3pa3ku edipHoi onii
33 AOMIHAHTHMI KOMMOHEHT MatoTb NyseroH: P. virginianum — 44,65 %, P. californicum — 86,07 %. OKpiMm HbOT0, 3pa3Ku TaKoX
MICTATb TUMOA, MipLeH, 1,8-LLMHEON, MEHTOH, NIMOHEH Ta iHLUI CNONYKU.

BUCHOBKMU. Yneplue BU3HAYEHO AKICHWUI Ta KinbKicHUI cknag edipHMX onit pocnuH Buais P. virginianum Ta P. californicum,
iHTpOAYyKOBaHMX B yMOBW YKpaiHu. OTpuMaHi pe3ynbTaTi cBig4aTh, WO 3a iHTPOAYKLii POC/IMHN MatoTb BUCOKY BioCUHTe-
3yBa/IbHY 34aTHICTb NPOAYKyBaTK edipHy onito. BuABNEHO, WO AOMIHAHTHMM KOMMNOHEHTOM € MyAeroH, Tomy edipHy onito
MOMKHa KBanidikyBaTu siK edipHy 0/1ito NyNeroHHoro Tuny. BBarkaemo, Lo cupoBuHa P. virginianum Ta P. californicum noteHuin-
HO NpuAaTHa A/19 BUKOPUCTaHHA B Napdymepii, KocMeTuLi, apomaTepanii, 3acobax ocobucToi ririeHn, ctomatonorii, y papma-

LEeBTUYHIN Ta XapyoBiih NPOMMUCIOBOCTI.

Knrouoei cnoea: iHTpoayKoBaHi pocanHu; Pycnanthemum; KomnoHeHTH edipHoi onii; FX-MC

Citation: Kovtun-Vodyanytska, S. M.; Levchuk, I. V.; Rakhmetoy, D. B.; Golubets, O. V. Chemical components of essential oils from aerial
parts of Pycnanthemum virginianum and P. californicum (Lamiaceae) plants. Journal of Organic and Pharmaceutical Chemistry 2023,

21 (1), 39-45.
https://doi.org/10.24959/0phcj.23.273810

Received: 3 February 2023; Revised: 15 March 2023; Accepted: 25 March 2023
Copyright© 2023, S. M. Kovtun-Vodyanytska, I. V. Levchuk, D. B. Rakhmetov, O. V. Golubets. This is an open access article under

the CC BY license (http://creativecommons.org/licenses/by/4.0).
Funding: The authors received no specific funding for this work.

Conflict of interests: The authors have no conflict of interests to declare.

B Introduction

There was a need for a wider study of the che-
mical composition of the essential oils of plants
of the genus Pycnanthemum (Lamiaceae), as evi-
denced by the analysis of literary sources. In gene-
ral, a comprehensive assessment of the essential
oils of plants of the genus Pycnanthemum has
not yet been carried out. However, to fully un-
derstand the application and benefits of Pyc-
nanthemum sp. a deeper understanding of the
chemical composition of plants is needed [1].

To date, it is known that the quantitative con-
tent of essential oil and especially its qualitative
composition in different types of Pycnanthemum
is different, but the main components are pule-
gone (medicinal mint), menthone (fresh mint),
isomenthone (cereal mint), limonene (citrus), pi-
peritone (mint and camphor). The essential oil of
Pycnanthemum floridanum E. Grant & Epling has
been most fully evaluated and it contains 40 vola-
tile components [2—5].

The consequence of the different composition
of the essential oil is the difference in aroma.
Differences in aromas are observed not only at
the species level. There are reports of different
plant aromas among populations of P. virginia-
num — some have a distinct citrus scent similar
to Melissa officinalis L. or Monarda citriodora

Cerv ex Lag. Similar information regarding va-
riability in essential oil composition and aroma
is available for Pycnanthemum loomisii Nutt.
Thus, different chemotypes may exist within one
species [1, 6].

Considering a wide spectrum of the biologi-
cal activity of related genera due to the essential
oil content, it can be assumed that Pycnanthe-
mum sp. has similar properties, in particular,
antioxidant, antitumor, antiviral, antifungal and
antibacterial properties. Due to their high con-
tent of terpenes, Pycnanthemum plants have a
wide potential for application in pharmaceuticals,
cosmetics, culinary and food flavoring [1, 7].

According to the latest taxonomy, the genus
Pycnanthemum includes 22 taxa, 20 species and
2 varieties [8]. The natural range covers certain
areas of North America, administratively sub-
ordinate to the United States (mainly the states
of the eastern part of the country) and Canada
(2 southern provinces). The mountains of North
Carolina (USA) are considered to be the center
of species diversity [9].

Plants of the genus Pycnanthemum are her-
baceous perennials up to 80 cm high. The aerial
part of the plants contains secondary metaboli-
tes — essential oils. On the American continent
there is a long tradition of using Pycnanthemum sp.
by the aboriginal population for medicinal purposes
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(in indigestion, colitis, dyspepsia, colds, head-
aches), in cooking and in ritual ceremonies [10, 11].
An interesting historical reference about the use
of Pycnanthemum is a book of the 19" century.
The 1898 edition of the “Royal American Dispen-
sary” mentions the genus Pycnanthemum and its
medicinal properties: “Pycnanthemum is diapho-
retic, stimulant, antispasmodic, carminative and
tonic. A warm infusion is very useful for postpar-
tum, remitting and other forms of fever, cough,
cold, catarrh, etc., and it is very useful for spas-
modic diseases, especially colic, stomach spasms,
spasms in babies.” [12].

Pycnanthemum sp. are also used as good ho-
ney plants and ornamental plants [13].

In Ukraine, the Pycnanthemum genus is prac-
tically not found either in scientific or private
collections and is little known. However, taking
into account the useful properties of plants of this
genus and the possibility of their complex use,
they are promising for research. In particular,
insufficient study of the biochemical composition
prompted us to conduct a series of experimental
studies. The results of one of them are present-
ed in this work.

B Materials and methods

Plant source

The studies used plants of two species, P. vir-
ginianum and P. californicum. These plants were
introduced into the Department of Cultural Flo-
ra of M. M. Gryshko National Botanical Garden
of the National Academy of Sciences of Ukraine
(NBG) in 2014 and 2017, respectively.

The plants were grown from seed material
obtained from scientific botanical institutions in
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the Czech Republic within the framework of the
“Index Seminum” exchange system. The growth
conditions were as follows: open soil, Forest-Steppe
zone of Ukraine. Generatively adult plants are
shown in Figure 1 (a, b).

In 2021, the raw material was harvested and
analyzed. Harvesting of the raw material was
carried out during the phase of mass flowering of
plants. Under the raw material of these species,
we mean the above-ground herbal leafy part — a
mixture of leaves, inflorescences and stems.

Isolation of the essential oils

The fresh above-ground part of plants was
collected on a sunny day, during lunch hours.
Then they were crushed into fragments of 1-1.5 cm
and left to wither for 24 hours. Next, the raw
material was dried to an air-dry state using an
Eridri ULTRA FD1000 dryer. Weighing sam-
ples of the raw material was carried out on the
VLKT-500 g—M scales. The essential oil was ob-
tained by hydrodistillation using an apparatus
with a Clevenger-type nozzle. The sample weight
was 35 g. The multiplicity of the experiment was
3-fold. The exposure time was 1.5 hours (from the
moment the water boils).

The Gas chromatography — Mass spec-
trometry analysis (GC-MS)

The chromatographic profile was obtained on
an Agilent Technologies 7890 gas chromatograph
using a vi-bms (5%-phenyl)-methylpolysiloxane)
capillary column, 25 m long, with an internal dia-
meter of 0.25 mm and a stationary phase thickness
of 0.33 um under the following conditions: gas ve-
locity — carrier — 1.0 mL min™!; flow split ratio —
1:20; evaporator temperature — 250 °C; detector
temperature (DEP) — 280 °C; column temperatu-
re regime — gradual heating from 60 °C to 185 °C.

Figure 1. Pycnanthemum virginianum (a) and P. californicum (b) introduced in the M. M. Gryshko National Botanical Garden

of the NAS of Ukraine (Kyiv, Ukraine)
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The component composition of the essential
oil was determined on a gas chromatograph with
a HP 6890 mass spectrometric detector with a
mass spectrometric detector 5973. We used a mass
spectrometric detector 1.6 — 800 a.o.m., EI ioniza-
tion, SIM & Scan mode, “Hewlett Packard”, USA.
The chromatographic conditions were as follows:
chromatographic column — capillary HP-5ms
(5%-phenyl)-methylpolysiloxane), outer diame-
ter — 0.25 mm, length — 30 m; carrier gas — he-
lium; carrier gas velocity — 1.2 mL min™!; sample
injection heater temperature — 180 °C.

The oven temperature was programmable from
62 to 165 °C at a rate of 5 deg min~'. The sample
injection (1 pL) was without flow split. For the
identification of essential oil components, the
NIST mass spectrum library was used in combi-
nation with AMDIS content-time identification
programs.

B Results and discussions

Under the conditions of the NBG, the intro-
duced species P. virginianum and P. californi-
cum have a high content of essential oil in the
raw material. It has been experimentally deter-
mined that in the aerial part of P. virginianum
the content of essential oil is 1.96 + 0.17%, in
P. californicum — 2.66 + 0.13%. They differ in
color — in P. virginianum, the essential oil is
transparent with a barely noticeable yellowish

tinge, and it is colorless transparent in P. cali-
fornicum. There were 13 components found in
the essential oil of P. virginianum, 12 of them
were identified. As can be seen from Table 1, the
main odorants include pulegone (44.65%), thymol
(20.16%), menthone (6.61%), isomenthone (5.75%),
limonene (2.73%), caryophyllene (2.72%), p-cymene
(2.36%), myrcene (1.91%). The chromatogram of
the P. virginianum essential oil is shown in Fi-
gure 2.

The presence of the chemical characteristics
of P. virginianum essential oil in the literature
made it possible to compare it with our sample
shown in Table 2.

The publication covering the results of stud-
ying the essential oil of 4 varieties of P. virgi-
nianum (Alabama A&M University Research Sta-
tion, North Alabama, USA) was used [7]. In the
samples from North Alabama, the chemical pro-
files of 4 samples were taken into account, which
harvesting was in October 2020 on the 155%" day
after planting the plants from the greenhouse
into the open ground. We analyzed the entire
flowering aerial herbal part, and colleagues pre-
sented the results of screening the essential oil
extracted from leaves of the plants. Despite the
differences in the experimental material and the
lack of other information, we nevertheless used
this material and made a comparison.

Obviously, according to the concentration of pu-
legone, thymol, and caryophylene in the essential
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Figure 2. Chromatogram of the Pycnanthemum virginianum essential oil
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Table 1. Chemical constituents of the essential oil
of Pycnanthemum virginianum

Table 2. The content of major components in the essential oil
of Pycnanthemum virginianum, in the samples of NBG
(our own analysis) and North Alabama (Setzer et al., 2021)

No Compounds RetTime, min i(r:m(c)igier;, :
4 Content of dominant compounds, %
1 |1-Octen-3-ol 12.911 0.88 Compounds
2 | Myrcene 13.588 1.91 NBG North Alabama
3 |p-Cymene 16.509 2.36 1-Octen-3-ol 0.88 1.8-2.0
4 |Limonene 16.833 2.73 Myrcene 1.91 0.4-2.6
5 |Menthone 19.003 6.61 p-Cymene 2.36 7.1-8.7
6 |Isomenthone 25.508 5.75 Limonene 2.73 1.3-5.5
7 |trans-lsopulegone 26.000 1.09 Menthone 6.61 3.8-9.9
8 |Pulegone 28.682 44.65 Isomenthone 5.75 0.4-54.7
9 |Unidentified 29.058 9.93 trans-lsopulegone 1.09 1.1-4.1
10 [Thymol 30.827 20.16 Pulegone 44.65 10.8-29.8
11 |Carvacrol 32.051 0.48 Thymol 20.16 0.2-22.1
12 |Caryophyllene 33.060 2.72 Carvacrol 0.48 1.4
13 |Germacrene D 34.373 0.71 Caryophyllene 2.72 0.2-1.0
Total 99.98 Germacrene D 0.71 0.7-1.5

oil, the P. virginianum sample from NBG occu-
pies a leading position. This is despite the fact
that the whole herbaceous aboveground part of
the plants was subject to analysis, i.e., the sam-
ple included not only leaves and inflorescences
as organs of the highest encountering frequency
of essential oil glands, but also stems, which had
a low indicator them.

15 components were found in the essential
oil of P. californicum, 13 of them were identified.
The key odorants were pulegone (86.07%), iso-
menthone (8.77%), trans-isopulegone (1.85%),

1,8-cineole (1.14%), 1-octen-3-ol (0.33%), myrce-
ne (0.2%), neryl acetate (0.21%) and limonene
(0.11%) as evidenced by the data in Table 3.
The chromatogram of P. californicum essential
oil is shown in Figure 3.

In both species, the dominant component of
the essential oil is pulegone (P. californicum —
86%, P. virginianum — 45%) although the quali-
tative set of components that form the aroma
and pharmacological properties of the essential
oil by the quantitative content differ in these
two introduced species.
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Figure 3. Chromatogram of the Pycnanthemum californicum essential oil
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Table 3. Chemical constituents of the essential oil
of Pycnanthemum californicum

. . Content

No Compounds RetTime, min index, %
1 |Sabinen 12.182 0.09
2 | 1-Octen-3-ol 12.651 0.33
3 [ Myrcene 13.641 0.20
4 |1.8-Cineol 16.959 1.14
5 |Limonene 17.148 0.11
6 |cis-Sabinene hydrate 18.187 0.03
7 |Isomenthone 25.407 8.77
8 |trans-Isopulegone 26.148 1.85
9 |Pulegone 29.598 86.07
10 | Neryl acetate 30.579 0.21
11 | Thymol 30.862 0.07
12 |Carvacrol 32.121 0.09
13 | Unidentified 34.416 0.27
14 | Unidentified 36.078 0.44
15 | Caryophyllene oxide 36.441 0.08
Total 99.74

Pulegone belongs to the group of monoterpe-
ne ketones, has a sweetish pleasant aftertaste and
a refreshing aroma reminiscent of mint. In this,
it is similar to other “minty” terpenes — camphor
and isopulegon, which also have a cool minty
aroma.

Six genera of Lamiaceae (Acinos, Calamintha,
Cyclotrichium, Mentha, Micromeria and Zizipho-
ra) have been found to contain pulegone as the
main component of their oils. Pulegone was first
obtained from Mentha pulegium L., hence the
name. Taking into account the dominant role of
pulegone in the composition of P. virginianum
and P. californicum essential oils, the raw ma-
terial of these species is promising for practical
use, for example, as a substitute for M. pulegium,
in particular the well-known spice “ombalo” —
a mixture of dry leaves and inflorescences from
M. pulegium [14]. According to published data,
the content of pulegone in the essential oil of
M. pulegium varies within 40-45% depending
on the origin of the raw material — 43.5% (Egypt)
[15], 40.98% (Morocco) [16], 48.7% (Iran) [17],
65.0—-83.1% (India) [18], 28.9% (Turkey) [19].
At the same time, it is known that the commer-
cial essential oil of M. pulegium contains about
84% pulegone (Center for Aromatic Plant Re-
search, Lehi, Utah, USA) [7].

Pulegone is used in perfumery, cosmetics, aro-
matherapy, personal care products, dentistry,

and as a source of menthol. In medicine, it is
applied as a remedy for colds and coughs, and in
the food industry — as a flavoring of foods and
alcoholic beverages. Taking into account all the
positive characteristics, you should still adhere
to certain rules for using pulegone. To date, there
are no toxicokinetic studies in humans regard-
ing the effects of pulegone, but there are some
studies done in other mammals. When pulegone
1s ingested, it is broken down in the liver and
reacts to form numerous toxic metabolites that
can cause harm to the body, in particular a ne-
crotic effect on the liver. Some metabolites iden-
tified are mentofuran, piperitenon, piperitone and
menthone. If there are no restrictions on the use
of pulegone in perfumery and cosmetics, they do
exist in the food industry. In particular, for food
products, the rate of use of pure pulegone is
25 mg kg, soft drinks, sweets — 100—350 mg kg!
[20]. Due to the high concentration of pulegone
in the essential oil of P. californicum and P. vir-
ginianum introduced, their raw material can also
be offered as an alternative to synthetic pesti-
cides and as a natural repellent.

B Conclusions

In the M. M. Gryshko National Botanical Gar-
den of the NAS of Ukraine (Forest-Steppe zone),
plant species of the North American flora —
P. virginianum and P. californicum family La-
miaceae, which are new to Ukraine, have been
introduced. According to the results of labora-
tory studies, it has been found that plants of
these species during the flowering period have
a high content of essential oil in the aerial part:
in P. virginianum, the content of essential oil is
1.96 £ 0.17%, P. californicum it is 2.66 + 0.13%.
The qualitative and quantitative content of the
essential oil in these plant species show that
they contain the essential oil of a pulegone type
since this substance is the prevailing component
in their oil. This fact has an impact on the prac-
tical use of essential oils, as well as the aerial
herbal part of plants of these species. We believe
that the raw material of P. virginianum and
P. californicum are potentially suitable for use
in perfumery, cosmetics, aromatherapy, personal
care products, dentistry, and in the pharmaceu-
tical and food industries.
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Abstract

The Kazakhstan flora is rich in promising poorly-studied plants, which are traditionally used in folk medicine, but their intro-
duction into medical practice requires additional in-depth research using modern scientific methods. Alfredia nivea KAR&KIR
of the Asteraceae family, which is used in folk medicine as a neurotropic agent, is an interesting object for introduction into
official medical and pharmaceutical practice.

Aim. To create new medicines based on Alfredia nivea herb, it is necessary to develop methods for quality control of this
raw material, therefore, the aim of the research was to determine the parameters for standardization of the Alfredia nivea
KAR & KIR. herb.

Materials and methods. The study objects were samples of the A. nivea herb collected in Kungei Alatau, 4.3 km southeast
of the Karabulak village, Eastern Karabulak canyon, Almaty Region, Kazakhstan. The macroscopic and microscopic studies of
the A. nivea herb were performed according to the methodology of the European pharmacopeia (EuPh) 2.8.23 “Microscopic
examination of the medicinal plant raw material”. The macroscopic studies were performed using a magnifying glass and a
MBS-9 binocular microscope, the microscopic studies were done using MS Microscopes 10 (oculars X5, X10, X15, lenses x10,
x40), Micromed XS-4130 (oculars WF15X, lenses x40/0.65, x10/0.25) with a microphotonozzle (China). Identification of the
main substances was carried out by the TLC method, testing and the quantitative determination of the flavonoid content
were performed according to the EuPh methods.

Results and discussion. Morphological and anatomical features of the A. nivea herb have been determined; on their basis
Identifications A and B have been proposed; TLC I/dentification C of the main BAS of the raw material has been developed;
indicators of purity tests have been determined. It has been proposed to carry out the quantitative determination by the
content of flavonoids.

Conclusions. The parameters of the A. nivea herb standardization have been determined on the basis of the following in-
dicators: macroscopic and microscopic features, TLC identification of the main BAS of the raw material (hyperoside, rutin,
quercetin and chlorogenic acid), related impurities (not more than 2 %), stems with a diameter of more than 20 mm (not
more than 10%), the loss on drying (not more than 13 %), the total ash (not more than 10%) and at least 0.5% flavonoids
calculated with reference to rutin.

Keywords: Alfredia nivea; herb; standardization; quality control methods

A. T. Pyctemkynos?, T. M. ToHToBa?, b. I. MaxaTtoBa?, A. €. PyctemKynosa?, V. M. flatxaes?, O. M. KowoBsuit!
1HauioHansHUl papmayesmuyHuli yHisepcumem MiHicmepcmea oxopoHu 300p0o8’s YkpaiHu,

syn. MywkKiHcoKa, 53, m. Xapkis, 61002, YkpaiHa
2KazaxcoKuli HauioHanbHUli meouyHuli yHisepcumem imeni C. /1. AcgpeHdisposa,

syn. Tone 6i, 94, m. Aamamu, 050000, KazaxcmaH
MapameTpu ctaHgapTusauii tpasu Alfredia nivea KAR.&KIR.
AHoTauiA
®nopa KasaxctaHy 6arata Ha NepcneKkT1BHI MasOBUBYEHI POCAIMHM, AKi 3aCTOCOBYHOTb Y HAPOAHI MeAWLMHI, ane Ans ix Bnpo-
BagKeHHA B MeAMYHY NPaKTUKY NOTPibHI f0AaTKOBI MMOOKI AOCNiAKeHHA, 32 4ONOMOIO Cy4acCHUX HaYKOBUX METOZIB.
LlikaBm 06’eKTOM A1 BNPOBaAKeHHA B 0diLMHaNbHY MeanyHy Ta GapMaueBTUYHY NPaKTURY € Anbdpeais cHirosa (Alfredia
nivea KAR. & KIR.) poanHu Asteraceae, AKy B HapOAHii MeAauLMHI BUKOPUCTOBYHOTb K HEMPOTPOMNHMIA 3acib.
Merta. 115 cTBOpEHHsA HOBMX NIKapCbKMX 3acobiB Ha OCHOBI Tpasu Anbdpeaii cHiroBoi HeObXigHO PO3POOUTN METOAYN KOHTPO/IIO
AKOCTI LLIET CUPOBUHU, TOMY METO A0CNiAKeHb ByN10 BU3HAUMTM NapamMeTpu CTaHgapTr3auii Tpasu A. nivea KAR. & KIR.
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Martepianu Ta metogu. O6’ekTamm gocCniaKeHHsA 6ynu 3pasku Tpasu Anbdpedii cHirosoi (A. nivea), 3arotoBneHi B KyHrei
Anaray, 3a 4,3 Km niBaeHHo-cxigHiwe Big c. Kapabynak, yu. CxigHuit Kapabynak, AnmaTtuHcbKoi obnacTi, KasaxctaH. Makpo- i mi-
KpOCKOMiYHi gocnigxeHHs Tpasmn Anbdpeaii CHiroBoi BUKOHYBaM 3rigHO 3 MeToauKol EBponeicbKoi papmaronei (EP) 2.8.23
«MiKpocKoniyHe A0CNIAKEHHA NiKAPCbKOT POCIMHHOI CMPOBUHUY. [1N1A MAaKPOCKONIYHUX AOCNIAKEHD BUKOPUCTOBYBAAM /Iyny Ta
6iHOKyNApHUIA Mikpockon MBC-9, ans mikpockonivHnx — mikpockonu MC 10 (okynsp x5, x10, x15, 06’ektnem x10, x40), Micromed
XS-4130 (orynap WF15X, o6’ekteu x40/0,65, x10/0,25) 3 mikpodoToHacaakoto (KHP). laeHTUdiIKyBanm 0CHOBHI pe4oBMHN METO-
nom TLLUX, BUNpobyBaHHA Ta KibKicHe BU3HAYEHHS 3a BMiCTOM p1aBOHOIAIB 34iMCHIOBaNM BiANOBIAHO A0 MeToauK ED.
Pe3ynbraty Ta ix o6roBopeHHs. Bu3HaueHo MopdONoriyHi i aHaTOMiYHi 03HaKM TpaBu Anbdpesii CHIroBoi, Ha OCHOBI AKUX
3anponoHoBaHo I0eHmudikayii A Ta B, pospobneHo TLUX IdeHnmugpikauito C ocHOBHUX BAP cMpOBMHU, BU3HAYEHO NOKA3HMU-
KM BMNPoOyBaHb Ha YNCTOTY, @ TAKOXK 3aNponNOHOBAHO NPOBOAUTH KisibKiCHE BU3HAUYEHHSA 3a BMicTOM dnaBoHOIAB.
BUCHOBKM. BU3HauyeHO napameTpu CTaHAapTM3aLii TpaBm Anbdpesii CHIroBoi 3a TaKMMM MOKAa3HMKAMW: MaKpOo- Ta MiKpo-
CKoMiyHi o3Haku, TLWX igeHTUdiKaLia ocHOBHUX BAP cMpoBMHM (rinepo3una, pyTWH, KBEPLETUH Ta XJI0POreHoBa KMUC/10Ta),
CTOPOHHI AOMILWKK (He Binbwe 2 %), HaABHICTb cTeben giameTpom noHazg 20 mm (He 6inbwe 10 %), BTpaTa B maci nig yac
BUCYyLWYBaHHA (He 6inbwe 13 %), 3arasibHa 301a (He 6inbwe 10%) i He meHwe 0,5 % dhnaBoHOIAIB Y NepepPaxyHKY Ha PYTUH.
Knwuoei cnosa: Anvdpepais cHirosa; Alfredia nivea; TpaBa; CTaHAapTM3aL,iA; METOAN KOHTPOIIO AKOCTI
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B Introduction

The Kazakhstan flora is rich in promising
poorly-studied plants, which are traditionally used
in folk medicine, but their introduction into me-
dical practice requires additional in-depth re-
search using modern scientific methods [1, 2].
Alfredia nivea KAR&KIR of the Asteraceae fami-
ly, which is used in folk medicine as a neurotro-
pic agent, is an interesting object for introduc-
tion into official medical and pharmaceutical
practice in Kazakhstan [3].

A. nivea is a perennial plant of 25-70 cm
height with leathery, oblong-lanceolate, pinnate-
ly lobed leaves. The venation is pinnate, the la-
teral veins at the ends turn into sharp yellowish
spines. The leaf blade is grayish-green on the
upper side, whitish-pubescent on the lower side.
The inflorescence is a spherical head of pink tubu-
lar flowers with a multi-row involucre. The plant
blooms in July, fruits ripen in August — Septem-
ber. It grows in the subalpine and alpine belts of
the mountains, along the stepped rocky slopes,
in spruce-fir forests. It is found in Tarbagatai,
Dzungarian, Trans-Ili and Kiing6y Ala-Too Range
Alatau [4-6]. The plant’s raw material reserves
are sufficient for the needs of Kazakhstan.

Plants of the Alfredia genus are insufficient-
ly studied. Most of the studies are devoted to
A. cernua L. Thus, extracts of this species have
been shown to affect the central nervous system
and improve memory [7, 8]. It has also been found

that A. cernua extracts have nootropic properties,
contribute to the improvement of indicators of
orientation-exploratory behavior, the preserva-
tion of the passive escape reflex during hypoxic
shock, and the increase of physical performance
in mice [9, 10]. The most pronounced effect was
observed with the use of the A. cernua extract
obtained with 95% ethanol [10, 11]. It has also
been shown that the extract of the A. nivea
above-ground part in 95% ethanol in the dose of
100 mg kg! restores exploratory behavior and
reflex safety after hypoxic trauma [12]. Thus, the
A. nivea herb is a promising raw material for
creating new neurotropic medicines.

Previously, the standardization of the A. cer-
nua herb [13], the macroscopic and microscopic
study of the A. nivea herb were carried out, and
its diagnostic signs were determined [14]. These
data were taken into account when developing
a project of quality control methods for the A. ni-
vea herb.

Therefore, the aim of the research was to de-
termine the parameters of the standardization
of the A. nivea KAR. & KIR. herb.

B Materials and methods

The study objects were samples of the A. nivea
herb collected in Kungei Alatau, 4.3 km south-
east of the Karabulak village, Eastern Karabulak
canyon, Almaty Region, Kazakhstan (1762 m abo-
ve the city, N 43°02’30.2”, E 078°34’16.0”) July
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06, 2021. The identity of the plant was determi-
ned by professor Tetiana M. Gontova, D. Sc., Na-
tional University of Pharmacy (Kharkiv, Ukrai-
ne) [4, 15]. Voucher specimens were deposited at
the School of Pharmacy, Asfendiyarova Kazakh Na-
tional Medical University (Almaty, Kazakhstan,
No. 432—-435). The raw material was dried at room
temperature [16, 17] in a well-ventilated area for
ten days and stored in paper bags [18, 19].

The macroscopic and microscopic studies of
the raw material were performed according to the
methodology described in the European Pharma-
copeia (EuPh) 2.8.23 “Microscopic examination
of the medicinal plant raw material” [18, 20].
The macroscopic studies were conducted using a
magnifying glass and a MBS-9 binocular micro-
scope. The study of the anatomical structure of
the A. nivea herb was carried out on samples of
the whole and cut raw material according to the
requirements of the EuPh. The herb was fixed
in a mixture of 96% ethanol R — glycerin R — pu-
rified water R (1:1:1). The structure of stems
and leaves was studied on transverse sections.
The epidermal of the organs was considered from
the surface according to generally accepted me-
thods [18, 21]. The raw material was crushed ac-
cording to the requirements of the EuPh mono-
graph 2.9.12 “Sit analysis” and clarified with the
help of chloral hydrate R [18, 20]. The studies
of transverse and longitudinal sections, epider-
mis and preparations from the surface were car-
ried out using MS Microscopes 10 (oculars X5,
X10, X15, lenses x10, x40), Micromed XS-4130
(oculars WF15X, lenses x40/0.65, x10/0.25) with
a microphotonozzle (China). The results of the
study were recorded using the Canon IXUS 220
HS camera.

To develop the identification method for the
main biologically active substances (BAS) in the
A. nivea herb, the TLC method was used [18, 22].
Merck Silica Gel F254 plates were used for chro-
matography. Purity of solvents used for the pre-
paration of chromatographic systems were of che-
mically pure and analytical grades. The ratio of
solvents indicated by numbers were taken in vo-
lumetric units.

The content of related impurities (2.8.2), the
loss on drying (2.2.32), the total ash content
(2.4.16) were determined according to the re-
quirements of the EuPh [18, 23, 24].

Assay of flavonoids. The assay of flavonoids
was determined in accordance with the metho-
dology of the EuPh by the spectrophotometric me-
thod calculated with reference to rutin [18, 25].

About 5.0 g of Alfredia herb (accurate weight)
crushed to the size of particles passing through
a sieve with a diameter of 2 mm was placed in a
200 mL ground joint flask, 50 mL of 70% etha-
nol solution was added. The flask was connected
to a condenser and heated on a water bath for
30 min, periodically shaken to wash off partic-
les of the raw material from the walls. The mix-
ture was cooled and filtered through cotton wool,
so that the particles of the raw material did not
get on the filter. The cotton wool was transferred
to the ground joint flask for extraction, and the
new portion of the extractant was added. The ex-
traction was repeated twice under the conditions
described above, and the extract was filtered in
the same flask. The combined extract was evap-
orated up to % of the initial volume. The evapo-
rated extract was quantitatively transferred to
a 50.0 mL measuring flask, cooled and was di-
luted with 70% ethanol solution to the volume
(Solution A).

2.0 mL of Solution A was placed into a measu-
ring 25 mL flask, 2.0 mL of 3% aluminum chloride
solution in 96% ethanol R was added, the volume
was diluted with 70% ethanol solution and mixed.

In 30 min, the solution was filtered through
the paper filter, throwing away the first portions
of the filtrate, and the optical density was meas-
ured on a Specol 1500 spectrophotometer (Swit-
zerland) at a wavelength of 410 nm in a 10 mm
cuvette. Reference solution contained 2.0 mL of
Solution A, diluted with 70% ethanol to the vol-
ume in a 25 mL flask.

In parallel, experiment with a Standard solu-
tion of rutin (pharmacopoeial standard) was car-
ried out in the same conditions. 1.0 mL of 3% alu-
minum chloride solution was added to 1.0 mL of
the Standard solution of rutin, and the volume was
diluted to 25.0 mL with 70% ethanol. As a referen-
ce, 1.0 mL of the Standard solution of rutin diluted
with 70% ethanol to the volume of 25 mL was used.

The content of flavonoids in the raw material
was calculated with reference to rutin (%) by the
following equation [28, 29]:

A; Xa, x50 x1x25x100 x 100
Ay Xay X25 x2 x50 %x(100-w) °

X, %=

where A, —is the optical density of the Test solu-
tion;

A, — 1is the optical density of the Standard solu-
tion of rutin;

a, —1s the accurate weight of raw material, g;
a, — 1s the accurate weight of rutin, g;

w — 18 the loss on drying, %.
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Preparation of the standard solution of rutin.
About 0.01 g (accurate weight) of rutin (pharma-
copoeial standard FS 42-2508-87) dried at 135 °C
to the constant mass, was placed into a 25.0 mL
measuring flask, dissolved in 96% ethanol, di-
luted with the same solvent to the volume and
mixed.

Preparation of a 3% aluminum chloride solu-
tion in 96% ethanol. According to the State stan-
dard 3759-85, 3.0 g of aluminum chloride (chemi-
cally pure) was dissolved in 96% ethanol in a
100.0 mL measuring flask, diluted with the same
solvent to the volume and mixed.

B Results and discussion

Source. The raw material is a dried herb,
which includes whole or cut leaves, flowers and
stems of A. nivea KAR. & KIR. (Asteraceae).
The herb was collected in summer, the below ground
parts were removed, and then the soil was dried
to obtain the intact form. Alternatively, the herb
was sliced while fresh, and dried immediately to
obtain the sliced form of the A. nivea herb.

Based on the results of the macroscopic ana-
lysis of the A. nivea herb [14], such macroscopic
signs, which served as the basis for the develop-
ment of Identification A, were determined.

The stem is usually unbranched in the lower
part, slightly branched in the upper part, rough,
slightly ribbed, 20—60 cm long, 5 mm in diameter.
It is externally grayish-green, tomentose-pubes-
cent. The texture is hard. Rosette leaves are
15—-35 cm long and 2.5—-6.0 cm wide; stem leaves
are short-petiolate or sessile, 5.0—7.0 cm long and
1.5—-2.5 cm wide, leathery, linear-lanceolate and
lanceolate, pinnatipartite, with a pinnate vena-
tion with prominent lignified veins and long sharp
ends; non-tomentose and green on the adaxial
surface and grayish green, abundant tomentose-
pubescent on the abaxial surface. The petiole of
the rosette leaf is elongated-triangular in out-
line with elongated “wings” directed upwards at
an angle of 45 degrees, narrow at the ends.

The inflorescence is a spherical drooping flo-
wer head up to 6.0 cm in diameter with a 3—5-row,
tiled involucre made of hard lanceolate, pointed
leaflets with filmy fring-rowed outgrowths on the
sides. The tubular pink flowers are 5-tooth, thin,
up to 3.0 cm in length; numerous sepals are mo-
dified to thin long hairs; stamens and the pis-
til protrude from the corolla tube; the cypsela
is up to 6.0 mm, pale yellowish with variegated
brown spots and stripes on the surface.

Based on the results of the microscopic ana-
lysis of the A. nivea herb [14], such microscopic
signs, which served as the basis for the develop-
ment of Identification B, were determined.

The stem and leaves are tomentose-pubescent
with covering and rarely glandular trichomes; co-
vering trichomes are of three types —long filamen-
tous hairs with a 2-cell base, large multicellular
wide lumen hairs with collapsed cells; and multi-
cellular narrow lumen hairs with collapsed cells;
glandular hairs are of 2 types — 1-headed with a
1-celled stalk, and headed with a multicellular
stalk and a multicellular head with collapsed cells.
The stem is rounded with slightly protruding ribs.
The cells of the epidermis are covered with a layer
of a folded cuticle; prosenchymatous cells are
straight-walled with slightly thickened walls and
simple straight pores. The central cylinder is of
transitional type. The collenchyma is angular and
lacunar; parenchyma cells are collenchymatous;
the endoderm is distinct; open collateral bundles
are with a well-developed sclerenchyma, xylem
vessels are porous and spiral.

Leaf is dorsiventral; the cells of the upper and
lower epidermis above the veins are prosenchy-
matous, straight-walled, with slightly thickened
walls and straight pores; between the veins the
cells of the upper epidermis are 5—6-angle, iso-
diametric and on the lower — parenchymal, si-
nuous-walled, with slightly thickened walls; the
stomata are frequent only on the lower epider-
mis. The stomatal apparatus is anomocytic.

The adaxial surface of the leaf is rarely pu-
bescent with thin long hairs, and abaxial — den-
sely pubescent with filamentous hairs with a 2-cell
base and less often multicellular hairs with col-
lapsed cells. The cells of the outer and inner epi-
dermis of the involucre leaflets are elongated,
slightly thickened and straight-walled with light
brown contents. The inner epidermis is covered
with filamentous trichromes. The cells of the pe-
tal epidermis are prosenchymatous, thin-walled
or heavily thick-walled, straight-walled with co-
lorless, rarely brown contents; the epidermis is
covered with a weakly expressed folding cuticle;
vessels are thin spiral. The style of the pistil is
densely covered with short conical hairs. Pollen
grains are rounded, yellow-brown, the structure
of ectine is slightly spiny.

The powdered raw material. The powder
is yellowish-green in color, examined under a mic-
roscope using Chloral hydrate solution R. The pow-
der shows the following diagnostic signs: frag-
ments of epidermis (Figure 1, A) composed of cells
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Figure 1. Microscopic features of the powder
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with prosenchymatous straight-walled and slightly
thick-walled cells with simple straight pores (Fi-
gure 1, B); cells with light brown contents (Figu-
re 1, C); stomata of the anomocytic type (Figure 1, A);
fragments of the angular and lacunar collenchy-
ma (Figure 1, D); collenchymatous cells of the pa-
renchyma (Figure 1, E); open collateral bundles
(Figure 1, F); sclerenchyma (Figure 1, G), porous
and spiral vessels; long filamentous hairs with a
2-cell base, large multicellular wide lumen hairs
with collapsed cells (Figure 1, H), and multicellu-
lar narrow lumen hairs with collapsed cells (Fi-
gure 1, I); glandular hairs of 2 types — 1-headed
with a 1-celled stalk (Figure 1, J), and headed
with a multicellular stalk and a multicellular head
with collapsed cells (Figure 1. K); styles with short
conical hairs (Figure 1, L); rounded, yellow-brown
pollen grains with slightly spiny ectine (Figure 1, M).

Identification C of BAS of the A. nivea herb
was developed using the TLC method with stan-
dards of hyperoside, quercetin, rutin and chloro-
genic acid in the system: ethylacetate R —aqua R —
formic acid R — acetic acid anhydrous R (72:14:7:7).

For this analysis, 300 mg of the Alfredia herb
was extracted with 3 mL of methanol for 30 min
at 40 °C on a water bath with ultrasound irra-
diation. 15 pL of the extract was applied to the
chromatogram. The standards were prepared by

1 2 3

Figure 2. The TLC chromatogram of A. nivea phenolic compounds:
1. the standards of quercetin, chlorogenic acid, rutin;
2. hyperoside; 3. the A. nivea herb extract

Journal of Organic and Pharmaceutical Chemistry 2023, 21 (1)

dissolving 1 mg of the standards in 10 mL of pure
methanol. After spraying the plate with diphenyl-
borinic acid 2-aminoethyl ester R, macrogol 400 R
the zones at the level of quercetin, hyperoside,
rutin and chlorogenic acid were detected in UV
light [28].

A photo of the sequence of zones on the chro-
matogram of the A. nivea the test extract and
the reference solutions are presented in Figure 2.
The main substances found in the TLC chroma-
togram are quercetin, chlorogenic acid, rutin and
hyperoside. Other additional fluorescent zones can
be found on the chromatogram of the test extract,
but they do not play an important role when iden-
tifying the raw material. Also, using the chroma-
togram obtained in the same conditions, after
spraying the plate with the Drangendorff rea-
gent [29], it was determined that there were no
alkaloids in the raw material.

In the lower part of the chromatogram of the
reference solutions, a yellow fluorescent zone
corresponding to rutin, as well as the blue fluo-
rescent zone corresponding to chlorogenic acid,
and the yellow fluorescent zone corresponding to
hyperoside, were found. The yellow fluorescent
zone corresponding to quercetin was detected
in the upper part of the chromatogram. On the
chromatogram of the test extract, the intense
fluorescent yellow zone at the level of the refer-
ence solution of rutin was detected. At the level
of the reference solution of chlorogenic acid the
intense blue fluorescent zone was also deter-
mined.

Since the zones of rutin and quercetin are most
clearly identified and have a significant area du-
ring the TLC analysis, it has been noticed that
they dominate in the raw material, therefore, the
quantitative determination of BAS in the A. ni-
vea herb should be carried out by the assay of fla-
vonoids calculated with reference to rutin adapt-
ing the methodology of the EuPh [18].

The results of determining related impuri-
ties, indicators “loss on drying during drying”,
“total ash” and the quantitative content of flavo-
noids are given in Table.

The tests were proposed to be carried out ac-
cording to the following indicators: related im-
purities (2.8.2), namely, stems with a diameter
of more than 20 mm — not more than 10%; other
impurities — not more than 2%; the loss on dry-
ing (2.2.32) — not more than 13.0% (1.000 g of
the raw material crushed into a powder at a tem-
perature of 105°C for 2 h); the total ash (2.4.16) —
not more than 10%.
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Table. The results of the analysis of the A. nivea herb

Samples of the raw material
Indicat Standardizati
ndicators andardization 1 > 3 2 5 6
I According to the parameters
Description + + + + + +
developed
Identification A. External signs — According to the parameters
+ + + + + +
macroscopy developed
Identification B. According to the parameters
. . . + + + + + +
Anatomical signs — microscopy developed
Identification C. TLC method According to the parameters + + + + + +
developed
Stems with a diameter of more
. than 20 mm not more than 10% 8.7 6.2 9.6 71 8.5 8.0
Impurities Related impurities — not more
than 2% 1.5 1.8 1.0 1.5 1.0 0.5
Loss on drying Not more than 13.0% 8.7 9.3 7.2 9.7 8.5 11.0
Total ash Not more than 10% 7.2 6.6 8.6 53 8.2 8.9
The content of flavonoids |\ jocc than 0.5% 074 | 069 | 063 | 076 | 0.60 | 058
calculated with reference to rutin

Note: «+» — meets the requirements

The assay was proposed to be carried out by
the content of flavonoids — at least 0.5% calcula-
ted with reference to rutin (C,;N,,0,, M.M. 610.5)
in the dry raw material.

B Conclusions

The parameters of the A. nivea herb stan-
dardization have been determined on the basis

of the following indicators: macroscopic and mic-
roscopic features, TLC identification of the main
BAS of the raw material (hyperoside, rutin, quer-
cetin and chlorogenic acid), related impurities
(not more than 2%), stems with a diameter of
more than 20 mm (not more than 10%), the loss
on drying (not more than 13%), the total ash
(not more than 10%) and at least 0.5% flavo-
noids calculated with reference to rutin.
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The Search for Potential SARS-CoV-2 Inhibitors Using
the In Silico Research

Abstract

Aim. Using in silico technologies to search for potential SARS-CoV-2 inhibitors among novel tetracyclic ring systems, which
are the common core of Crinipellin.

Materials and methods. The study object was new compounds previously synthesized via oxidative dearomatization of Cri-
nipellin A. The method of the flexible molecular docking was applied in the study.

Results and discussion. Using the molecular docking, the affinity of five compounds for the receptor-ACE2 SARS-CoV-2 (PDB ID: 7DF4),
a spike protein SARS-CoV-2 (PDB ID: 1WNC), a PL protein SARS-CoV-2 (PDB ID: 7CJD) and a reverse transcriptase enzyme SARS-
CoV-2 (PDB ID: 6YYT) was studied. The results of the molecular docking obtained suggest that 8,8-dimethyl-5-(phenylsulfonyl)-
3,33,4,5,8,9-hexahydroindeno[3a,4-b]furan-2(7H)-one may be a potential SARS-CoV-2 inhibitor; it is the basis for its further
experimental pharmacological study.

Conclusions. The study constitutes one of the stages of searching for SARS-CoV-2 inhibitors. According to the results obtained, a
way to search for potential SARS-COV-2 inhibitors based on Crinipellin A derivatives was proposed. Using the most promising
compound with hexahydroindeno[3a,4-b]furan core further studies open up another direction for searching for compounds
of SARS-COV-2 inhibitors and will save time and laboratory animals while conducting targeted experimental research.
Keywords: COVID-19 virus; Crinipellin A; flexible molecular docking; SARS-COV-2 inhibitor

M. M. CyneiimaHn?, A. |. ®egocos!?, P. K. MoxanaTtpa?, I. A. Cuu?, /1. O. piHeBuY?,
H. M. Ko63ap?, B. 4. ApemeHKo?, J1. O. Nepexoga’
1 HauioHanbHul hapmayesmuyHuli yHisepcumem MiHicmepcmea oxopoHu 300p08° YKpaiHu,

syn. MywkKiHcoKa, 53, m. Xapkis, 61002, YkpaiHa
2lepxcasHuli iHxceHepHuli Konedx, KeoHdxcxap, Opicca 758002, IHOis
Mowyk noteHuiiiHuX iHribiTopis SARS-CoV-2 3a gonomoroto in silico metoais
AHoTauinA
MeTa po60Tu. 3a BUKOPUCTAHHSA in silico TexHONOTiN 34iNCHUTU NOLLYK NOTeHLUiHMX iHriBiTopis SARS-CoV-2 cepen HOBUX
TETPALUMKNIYHUX KiNbLLEBUX CUCTEM, AKI € 3aralbHUM ALPOM KPUHINeniHy.
Marepianu Ta metogu. O6’eKTOM A0CNIAMKEHHSA € N'ATb HOBUX CNONYK, OAEPMKaHMX LUASXOM AeapomaTtm3alii KpuHineniHy A
i CMHTE30BaHMX Yy NonepeaHix AocniaKeHHAX. B in silico nocnigxeHHAX BUKOPUCTAHO METOZ, FHYYKOro MOJIEKYNAPHOIO A0~
KiHry.
Pe3ynbraTi Ta iX 06roBopeHHs. LLInsxom BUKOPUCTaHHA SOKIHIOBUX AOCNIAKEHb BUBYEHO adiHITET N'ATK CNOAYK 40 peLenTopa-
ACE2 SARS-CoV-2 (PDB ID:7DF4), spike npoteiHy SARS-CoV-2 (PDB ID: 1WNC), PL npoTeiHy SARS-CoV-2 (PDB ID: 7CJD) Ta dep-
MEHTY 3BOPOTHOI TpaHcKpunTasm SARS-CoV-2 (PDB ID: 6YYT). OaepkaHi pe3ynbTaT AOKIHTOBMX A0OCNIAKEHb 403BONSAOTbL
CTBEpAKYBaTy, LLO 8,8-aumetun-5-(deHincynbdonin)-3,3a,4,5,8,9-rekcarigpoiHaeHo[3a,4-b]dypaH-2(7H)-oH Moxke 6yTv NoTeHLik-
HUM iHri6iTopom SARS-COV-2, Lo € NiACTaBO A/1A MOro NoAanblioro eKCnepumMeHTaibHOro GapMaKo/IoriYHOro BUBYEHHS.
BucHoBKU. MNogaHe AOCNiAXKEHHS € OAHUM 3 eTaniB nolyKy iHribitopis SARS-CoV-2. 3 ornsay Ha ofepkaHi pesynbTaTu 3a-
NPOMNOHOBAHO LLUAAX MOLWYKY NOTEHUiHMX iHTi6iTopiB SARS-COV-2 Ha ocHOBI NoxigHMX KpuHineniHy A. Moganblui AoCniaKeH-
HS 3 BUKOPMCTaHHAM HalbiNbll NepcnekTUBHOI NoXiaHOT rekcariapoiHaeHo[3a,4-bldypaHy BiAKpMBaOTL e OAUH Hanpam
NOLLYKY CMoAyK iHribiTopie SARS-COV-2 Ta AatoTb MOXAUBICTb 3a0WAAUTM Yac i 1abopaToOpHUX TBAPUH Y MEXKAX BUKOHAHHA
LiNecnpaMoBaHMX eKCNePUMEHTAIbHUX JOCNIAKEHb Y MalbyTHbOMY.
Knrouoei cnoea: COVID-19 Bipyc; KpUHineniH A; rHy4kMii MONEKYNAPHUIA AOKIHT; iHribiTop SARS-COV-2

m ISSN 2308-8303 (Print) / 2518-1548 (Online)



Journal of Organic and Pharmaceutical Chemistry 2023, 21 (1)

Citation: Suleiman, M. M.; Fedosov, A. |.; Mohapatra, R. K.; Sych, I. A.; Grinevich, L. O.; Kobzar, N. P.; Yaremenko, V. D.; Perekhoda, L. O.
The Search for Potential SARS-CoV-2 Inhibitors Using the In Silico Research. Journal of Organic and Pharmaceutical Chemistry 2023,

21 (1), 54—60.
https://doi.org/10.24959/0phcj.23.276412

Received: 14 January 2023; Revised: 5 March 2023; Accepted: 9 March 2023
Copyright© 2023, M. M. Suleiman, A. I. Fedosov, R. K. Mohapatra, I. A. Sych, L. O. Grinevich, N. P. Kobzar, V. D. Yaremenko,
L. O. Perekhoda. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0).

Funding: The authors received no specific funding for this work.

Conflict of interests: The authors have no conflict of interests to declare.

B Introduction

Currently, there is no drug that is effective
in various forms of the new coronavirus, se-
vere acute respiratory syndrome, coronavirus 2
(SARS-CoV-2). Since there is no efficient appro-
ved treatment or SARS-CoV-2 inhibitor drugs,
the computational strategy is a promising way
and plays a significant role in the pharmaceuti-
cal industry for the discovery of new drugs [1].

This work is one of the stages of searching for
effective SARS-CoV-2 inhibitors. In this study, we
examined five compounds previously synthesized
and tested their binding affinity for the human
receptor SARS-CoV-2 — ACE2 (PDB ID:7DF4),
a spike protein SARS-CoV-2 (PDB ID: 1IWNC), a PL.
protein SARS-CoV-2 (PDB ID:7CJD), a reverse
transcriptase SARS-CoV-2 (PDB ID: 6YYT) us-
ing the molecular docking research.

B Materials and methods

Continuing the work in the direction of sear-
ching for new antiviral drugs, scientists have syn-
thesized new compounds based on the common
core of Crinipellin A via oxidative dearomatiza-
tion [2]. The structures of the test compounds are
shown in Figure 1.

The target compounds were designed by che-
mical modification of the common core of Crini-
pellin A in such a way that the drug could exhi-
bit the high activity and bioavailability, as well
as the low toxicity. The results of predicting their
antimicrobial, antiviral, antitumor, antifungal
and anti-inflammatory activity and a good phar-
macokinetic profile have been confirmed by the
data provided by the authors in the article [3].

Ligands were prepared using the MGL Tools
1.5.6 program. The ligand optimization was per-
formed using the Avogadro program.

The analysis of literature data shows that it
is the S protein after binding to the ACE2 recep-
tor that determines the penetration of the virus
into the cell. This fact indicates that S protein is
the main factor in the pathogenesis of COVID-19;

therefore, it is promising for the development
in silico of specific ligands that can be used as
SARS-CoV-2 inhibitors [4—7].

SARS-S engages angiotensin-converting en-
zyme 2 (ACE2) as the entry receptor and employs
the cellular serine protease TMPRSS2 for S pro-
tein priming. The SARS-S/ACEZ2 interface has
been elucidated at the atomic level, and it has
been found that the efficiency of using ACE2 is a
key determining the SARS-CoV transmissibility
[8, 9]. The papain-like protease (PLpro) of type 2
coronavirus with a severe acute respiratory syn-
drome (SARS-CoV-2) plays an essential role in vi-
rus replication and immune evasion, represent-
ing an attractive drug target. Considering that the
PLpro proteases of SARS-CoV-2 and SARS-CoV

HsC HsC o
o) o)
HsC > HsC >

2,2-dimethyl- 2,2-dimethyl-
1,2,3,4,4a,5,7a,8-octahydro- 1,2 3 4,4a,5,7a,8-octahydrospiro-
4,8-ethano-s-indacen- [4,8-ethano-s-indacene-

9-one (1) 10,2"-oxiran]-9-one (2)
H3C
/‘<CH3
0 “
H3C "’//> I':l ."’/(
OH
4,4-dimethyl- 4,5-dihydroxy-

2,2-dimethyldecahydro-

3a,7-ethanocyclopenta-

[2,3]cyclopropa[l,2-a]-
pentalen-9-one (4)

4,5,6a,9,9a,9b-hexahydro-
1H-cyclobuta[d]-s-indacen-
2(3H)-one (3)

HsC
CHs

8,8-dimethyl-5-(phenylsulfonyl)-
3,3a,4,5,8,9-hexahydroindeno[3a,4-b]furan-2(7H)-one (5)

Figure 1. The structural formulas of test compounds
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have significant homology, the PLpro inhibitor de-
veloped for SARS-CoV is a promising starting point
for therapeutic development [10]. The SARS-CoV-2
uses an RNA-dependent RNA polymerase (RdRp)
to replicate its genome and transcribe its genes.
Therefore, we use the SARS-CoV-2 reverse trans-
criptase structure in an active form that mimics
a replicating enzyme [11].

In the present study, to carry out the docking
studies, active macromolecules centers of the
human receptor-ACE2 (PDB ID proteins: 7DF4),
a spike protein SARS-CoV-2 (PDB ID: 1WNC),
a PL protein SARS-CoV-2 (PDB ID: 7CJD), re-
verse transcriptase SARS-CoV-2 (PDB ID: 6YYT)
domains were chosen as biological targets for the
antivirus activity from the Protein Data Bank
(PDB) [12]. The receptor maps were made in
MGL Tools and AutoGrid programs. Water mol-
ecules, ions, and the ligand were removed from
the PDB file ID: 7DF4, 1WNC, 7CJD, 6YYT.

For the receptor-oriented flexible docking the
Autodock 4.2 software package was used. To per-
form calculations in the Autodock 4.2 program
the output formats of the receptor and ligand
data were converted to a special PDBQT format.
In our previous studies, a similar software pack-
age and docking parameters were used [12].

The following docking parameters were de-
termined: the maximum RMS tolerance for the
conformational cluster analysis — 2 A; the free
energy coefficient for torsional degrees of free-
dom — 0.2983; the cluster tolerance — 2 A; the
external grid energy — 1000; the maximum ini-
tial energy — 0; the maximum number of retries —
10000; the number of individuals in the popu-
lation — 150; the maximum number of energy
evaluations — 2500000; the maximum number
of generations — 27000; the number of top in-
dividuals to survive to the next generation — 1;
the rate of gene mutation — 0.02; the rate of
crossover — 0.8; the crossover mode — arithmetic;

the a-parameter of Gauss distribution — 0; the
B-parameter of Gauss distribution — 1.

The visual analysis of complexes of substan-
ces in the active center of the human receptor-
ACE2 (PDB ID: 7DF4), a spike protein SARS-
CoV-2 (PDB ID: 1WNC), a PL protein SARS-CoV-2
(PDB ID: 7CJD), a reverse transcriptase SARS-
CoV-2 (PDB ID: 6YYT) was performed using the
Discovery Studio Visualizer program.

B Results and discussion

Based on the results of the molecular dock-
ing we calculated the scoring function indicating
the enthalpy contribution to the value of the free
binding energy (Affinity DG) for the best confor-
mation positions; the values of the free binding
energy and binding constants (Edoc (kcal mol™)
and Ki (uM micromolar/ mM millimolar) for a de-
finite conformational position of the ligand. It al-
lowed us to evaluate the stability of complexes
formed between ligands and the corresponding
targets (Table 1).

The inhibitory activity of the test molecules
in relation to the biotargets selected can be ex-
hibited by the formation of complexes between
them; their stability is provided mainly due to
the energetically favorable geometric arrange-
ment of ligands in the active site, as well as the
formation of hydrogen bonds, and intermolecu-
lar electrostatic and donor-acceptor interactions
between them. As a consequence, the thermody-
namic probability of this binding is confirmed by
negative values of the Affinity DG scoring func-
tion (kcal mol™), the calculated values of the free
binding energy Edoc (kcal mol™), and binding con-
stants Ki (uM).

Hence, further experimental studies are re-
quired. The formation of intermolecular interac-
tions, negative values of scoring functions, free bind-
ing energy and the calculated binding constants

Table 1. The values of Affinity DG, free binding energy, and binding coefficients for the best conformational positions
of the test compounds combined with biotargets (PDB ID: 7DF4, 1IWNC, 7CJD, 6YYT)

° 7DF4 1WNC 7CID 6YYT
S | Affinity Ki uM Affinity Ki uM Affinity Ki uM Affinity Ki uM
o DG, Edoc micromolar /| DG, Edoc micromolar /| DG, Edoc micromolar /| DG, Edoc micromolar /
s} kcal kcal kcal kcal
s kcal 1 mM kcal 1 mM kcal 1 mM kcal 1 mM
~ | mol - ~, | mol - ~ | mol - ~, | mol -

mol millimolar mol millimolar mol millimolar mol millimolar
1 -6.9 -5.37 | 115.63 uM -5.3 -3.70 1.93 mM -6.1 -5.74 61.84 uM -7.0 |-5.45| 100.60 um
2 -6.8 -5.66 70.61 uM -5.1 -3.91 1.36 mM -7.4 | -5.26 | 139.54 uM -7.1 -5.13 | 174.21 uM
3 -7.2 | -6.24 | 26.82 uM -5.6 | -4.78 | 312.46 uM -7.1 | -6.71| 12.13 uM -7.5 |-6.18 | 29.61 uM
4 -8.3 |-6.08 | 34.89 uM -5.9 |-4.64 | 399.57 uM -6.9 |-6.13| 31.88uM -7.5 |-5.79 | 56.83 uM
5 -8.2 | -7.00 7.37 UM -6.2 | -5.08 | 188.85uM -7.0 |-6.54| 16.10 uM -7.8 | -6.84 9.61 uM
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Figure 2. The superposition of molecule 5 and a diagram of intermolecular interactions in the complex with the human

receptor-ACE2 (PDB ID: 7DF4)
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Figure 3. The superposition of molecule 5 and a diagram of intermolecular interactions in the complex with a spike protein

SARS-CoV-2 PDB ID: IWNC

have confirmed that the compounds studied have
a significant affinity for the specified biotargets.

As can be seen from the results, molecule 5,
which has the best indicators in relation to all
targets selected, is the leader among the com-
pounds under research (the human receptor —
ACE2 PDBID: 7DF4 (Affinity DG =-8.2 kcal mol ™,
Edoc =-7.00, Ki = 7.37 uM), a spike protein SARS-
CoV-2 PDB ID: 1WNC (Affinity DG = -6.2 kcal mol ™,
Edoc =-5.08, Ki = 188.85 uM), a PL protein SARS-
CoV-2 PDB ID: 7CJD (Affinity DG =-7.0 kcal mol™,
Edoc = -6.54, Ki = 16.10 uM), a reverse trans-
criptase SARS-CoV-2 PDB ID: 6YYT (Affinity DG =
-7.8 kcal mol™, Edoc = -6.84, Ki =9.61 uM)) (Ta-
ble 1).

For hit compound 5, a detailed analysis of
the geometric location in the active sites of the
corresponding targets was performed. This will
provide a complete understanding of which
fragments of the molecule are involved in bind-
ing to biotargets, and will allow giving clear

recommendations for the rational design of fu-
ture candidates.

Molecule 5 with the human receptor-ACE2
PDB ID: 7DF4 forms a complex due to hydrogen
bonds between the oxygen atoms of the sulfonyl
group and the carbonyl oxygen of oxolan-2-one
with residues of His378 and Asn394 amino ac-
ids. Additionally, the complex of the m-m, m-Alk
interactions occurring between the phenyl resi-
due and the cyclopentane fragment of the mo-
lecule with Phe40 and His401, respectively, is
stabilized (Figure 2).

The active molecule complex with a spike pro-
tein SARS-CoV-2 PDB ID: 1WNC is formed in
the presence of the Alk intermolecular interac-
tion between the cyclopentane fragment of the
molecule and the Lys1172, Vall71 lysine resi-
due (Figure 3).

The complex with a PL protein SARS-CoV-2
PDB ID: 7CJD i1s formed by the participation
of a hydrogen bond and the Alk intermolecular
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Figure 4. The superposition of molecule 5 and a diagram of intermolecular interactions in the complex with a PL protein

SARS-CoV-2 PDB ID: 7CJD
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Figure 5. The superposition of molecule 5 and a diagram of intermolecular interactions in the complex with a reverse transcriptase

SARS-CoV-2 (PDB ID: 6YYT)

interaction between the carbonyl oxygen atom of
oxolan-2-one and the metal substitute with the
Thr301 and Pro248 threonine residues, respec-
tively (Figure 4).

Molecule 5 forms a hydrogen bond with the
Pro328 proline residue due to the oxygen atom
of the oxolan-2-one fragment in the active site of
areverse transcriptase SARS-CoV-2 PDBID: 6YYT.
The stabilization of the complex is provided by
Alk interactions with the Pro328, Pro378, Met666,
Val330, Ala382, Ala379 residues (Figure 5).

The values of interatomic distances in active
sites between fragments of molecule 5 and ami-
no acid residues shown in the diagrams (Figures
2-5), categories and types of intermolecular in-
teractions are given in Table 2.

Among all the molecules tested, compound 5
has the best affinity for biotargets (PDB ID:
7DF4, 1IWNC, 7CJD, 6YYT). This is evidenced
by the formation of a number of intermolecular

interactions between them, the negative values
of scoring functions, the free binding energy, and
the calculated values of binding constants.

The final stage of molecular docking results
is to provide certain recommendations for the
rational design of future drug candidates. These
recommendations can be provided on the basis
of the results of the calculated evaluation func-
tions obtained and a detailed analysis of the geo-
metric location of the tested ligands in the acti-
ve site of the target. This approach of using dock-
ing data provides information on the participa-
tion in the creation of appropriate intermolecu-
lar contacts of certain atoms, pharmacophore
groups, functional groups of the test compounds
with amino acid residues of the site. The bind-
ing energy of each individual contact is included
in the total free energy of binding, which is the
main marker for predicting the affinity for a spe-
cific target.
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Using the results of calculation obtained and * introduction of hydrophobic inclusions in the

visualization of molecular docking, it is possible form of methyl and phenyl fragments in or-
to provide recommendations for the rational de- der to form stabilizing contacts of the formed
signing of future SARS-CoV-2 inhibitors, namely: “molecule-target” complex.
+ creation of basic rigid systems using the ex-

ample of tetracyclic ring frameworks; B Conclusions
* saturation of such a system with hydrogen

acceptors, in particular oxygen- and sulfur- According to the results obtained, we have pro-

containing groups in the form of carbonyl frag-  posed a way to search for potential SARS-COV-2
ments, sulfonyl and hydroxyl groups, that inhibitors based on Crinipellin A derivatives.
enables the formation of intermolecular Using the most promising compound 5 further
donor-acceptor interactions with amino acid studies open up another direction for searching
residues of the active center; for compounds of SARS-COV-2 inhibitors.
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