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Abstract

Currently, antitumor drug therapy is represented by three directions: chemotherapy, targeted therapy and immunotherapy.
Chemotherapy is a non-specific treatment that uses chemicals that inhibit cell proliferation, affect cellular DNA or RNA
and cellular metabolism which contributes to the destruction of all dividing cells. Six-membered heterocyclic ring —
1,3,5-triazine and its derivatives are increasingly found in the literature as DNA alkylating agents. One of such triazine
derivatives, N-(2-(2-(2-(2-azidoethoxy)ethoxy)ethyl)-4,6-di(aziridin-1-yl)-1,3,5-triazin-2-amine, previously obtained
in our research group, was characterized, and its structure was optimized using the Density Functional Theory (DFT)
method, B3LYP functional and 6-31G basis set. The theoretically obtained spectral characteristics were confirmed by
practical results with a high degree of convergence. In this work, quantum chemical calculations were performed at
different DFT levels using the ORCA software package. The structure of N-(2-(2-(2-azidoethoxy)ethoxy)ethyl)-4,6-
di(aziridin-1-yl)-1,3,5-triazin-2-amine was optimized using the B3LYP functional with the 6-31G basis set. 'H and 13C
(DMSO-dg) Nuclear Magnetic Resonance spectra were recorded on a Bruker 300 Avance instrument at frequencies of
400.0 and 100.0 MHz, respectively. At the first stage of computer modeling, the electronic structure of the molecule
was calculated using the DFT method and the geometry was optimized. The calculation was performed in the 6-31G
basis set with the B3LYP functional and taking into account the polarization of the solvent (water) with a relative
permittivity of 78.54. The charges on the atoms were estimated using the Mulliken scheme. The energy values (eV) for
the molecule are: HOMO: —6.279, LUMO: —1.147. The optimized structure was stable, and the charge distribution on
the atoms allows us to conclude that there are three possible conformations of N-(2-(2-(2-azidoethoxy)ethoxy)ethyl)-4,6-
di(aziridin-1-yl)-1,3,5-triazin-2-amine. In the next step, for calculations with periodic boundary conditions, 20 studied
molecules and approximately 1.3-105 water molecules were placed in a cubic box with sides of 16 nm; the distance
between N-(2-(2-(2-azidoethoxy)ethoxy)ethyl)-4,6-di(aziridin-1-yl)-1,3,5-triazin-2-amine molecules was at least 3 nm,
and the distance from the molecule to the wall was at least 1.5 nm. The force field for the OPLS-AA/M system was
used; the simulation time was 200 ns with a step of 1 fs. Then, in the GROMACS 2023 package in the NVT ensemble
with a Berendsen thermostat and a barostat for 400 ps with a time step of 0.1 fs under the condition at temperature
T=298.15 K and pressure P = 100 kPa, solvation of the system, energy minimization and equilibration were carried out.
It is shown that when performing the dynamics of association, these molecules do not form aggregates in an aqueous
solution. In this work, the synthesis and characterization of N-(2-(2-(2-(2-azidoethoxy)ethoxy)ethyl)-4,6-di(aziridin-
1-yl)-1,3,5-triazin-2-amine by spectroscopic methods are described. The results of the molecular docking studies are
consistent with the in vitro antitumor activity which showed that the compound exhibits maximum efficiency and show
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approximate binding energies in the range from —1.034 to —4.578 kcal-mol-! N-(2-(2-(2-(2-azidoethoxy)ethoxy)ethyl)-
4,6-di(aziridin-1-yl)-1,3,5-triazin-2-amine has been demonstrated to have a high affinity for serum albumin, indicating
its potential for serum distribution.
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AHHOTaNMS

Beenenne. Ha ceronnsiinmii JeHb JiekapCTBEHHAs! POTHBOOITYXO0JIeBask TEPAMHs MPECTABIEHA TPEMs HAMPaBICHNUSIMU:
XMMHUOTEpanusi, TapreTHas Tepanus U IMMYHHOTepanus. XUMHOTEpaIus SBIseTcS Heclenn()UIECKUM JIeUeHHEM,
B KOTOPOM HCIHONB3YIOTCSI XUMHYIECKHE BEIIECTBA, MPETATCTBYIOMHUE Mponndepanni KIeTOK, BO3ACHCTBYIONINE Ha
KIIETOUHYIO JIe30KCHpHOOHYKIenHOBYI0 KiucaoTy (JIHK) nnmm pnOoHyKI€HHOBYIO KHCIIOTY M KIETOUHBIH MEeTaOoIN3M,
YTO CHOCOOCTBYET YHUUTOXKEHHIO BCEX JSISAMIMXCS KieToK. lllecTHdaenHoe reTeporuKInIeckoe KOJIbII0 — HEKOTOPbIe
npon3BoaHbIe 1,3,5-Tpra3nHa BCTpedaloTcsl B HAyYHBIX MyOIMKanusax B KauecTBe ankmnpytonux JJHK-arentos Bee
yamie. OfHO U3 TaKUX MPOU3BOJHBIX TpHasuHa, N-(2-(2-(2-a3u109TOKCH )ITOKCH )aTHI)-4,6-11(a3upuans-1-ui)-1,3,5-
TpuasuH-2-aMyH, mony4YeHHoe Ha kadenpe obuieit u 6noopranndeckoit xumun [ICIIGIMY nm. akan. W.II. [TaBnosa,
OBIJIO CHHTE3MPOBAHO, a €T0 CTPYKTYypa ONTHMHU3MPOBAHA C UCTIONB30BAaHUEM METO/IA TEOPHH (DYHKIIMOHATA MIIOTHOCTH
Density Functional Theory (DFT), dynkiuonana B3LYP u 6asucHoro nabopa 6-31G. TeopeTnuecku mosy4yeHHbIE
CHEeKTpaJTbHBIE XapaKTEPUCTUKHU OBUIM MOATBEPKACHBI MPAKTUICCKUMH PE3yIbTaTaMH C BBICOKOH CTETEHBIO
cxoqumocTr. MeTo. B HacTosme# paboTe KBaHTOBO-XMMHUUECKHE PACUESTHI IIPOBOIMIICE Ha pa3HbIX ypoBHsX DFT ¢
ncroib3oBanreM nporpammuoro makera ORCA. Crpykrypa N-(2-(2-(2-a3u003TOKCH)ITOKCH )3T )-4,6-1i(a3upHANH-
1-nmm)-1,3,5-Tpraznn-2-aMuHa OblIa ONITUMHU3MPOBaHa ¢ npuMeHeHneM ¢yHkimoHana B3LYP ¢ ucnons3oBannem
6azucuoro Habopa 6-31G. Criekrpsl siaepHOro MarautHoro pesonanca 'H u 13C (DMCO-d,) 3apeructpupoBanbl Ha
npudope Bruker 300 Avance na gactorax 400 1 100 MI'y coorBeTcTBeHHO. OCHOBHBIE pe3yabTaThl. Ha nepBom
JTarne KOMIbIOTEPHOTO MOAEINPOBAHHS PacCUNTaHa MIEKTPOHHAs CTPYKTYpa MOJEKyYIbl ¢ moMoibio Metoga DFT n
MPOU3BEICHa ONTHMHU3AIMs reoMeTpun. Pacuer mpousBoamics B Habope 6-31G ¢ ¢ynkunonanom B3LYP u ydetom
TTOJIIPU3ALUU PACTBOPUTENS (BOJBI) C OTHOCUTEIBHON TUAIEKTPUIECKOM MOCTOSHHOM 78,54. 3apsapl Ha aToMax
OLICHHMBAJIHCH 0 cxeMe MaJumkeHa. 3HaueHHs SHEPTuil 11t MoJieKybl coctaBuio it HOMO: —6,279 3B, LUMO:
—1,147 5B. OntuMmun3upoBaHHast CTpyKTypa OblIa cTaOMIIbHA, a PacIpe/ieNIeHUe 3aps/I0B HA aTOMaX MTO3BOJISIET CAENATh
BBIBOJI O HAJIMYMHU TPEX BO3MOXKHBIX KOHpopMarusx N-(2-(2-(2-a3uK09TOKCH)ITOKCH )T )-4,6-11(azupuaus-1-
wn)-1,3,5-Tpuazun-2-amMmuHa. Ha cienyromem sTane s pacyeToB ¢ MNEPUOJUUYECKUMU I'PAaHUYHBIMH YCIOBUSAMU
20 uccrenyeMbIX MOJIEKYI ¥ puMepHO 1,3+105 MoseKyst BoJIbI ObLIN TIOMENIEHBI B KyOHYECKYIO KOPOOKY CO CTOPOHAMHU
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16 HM; paccTosiHEE MEKIY MoJeKynaMu N-(2-(2-(2-a3ua03TOKCH )3TOKCH )3ThI)-4,6-1u(asupuaus- 1 -mn)-1,3,5-Tpua3us-
2-aMHHa COCTaBIIAJIO HE MEHEe 3 HM, PAcCTOSHUE OT MOJIEKYNbl 10 CTEHKH — He MeHee 1,5 HM. Mcnone3oBanock
cunoBoe nose st cuctemsl OPLS-AA/M; Bpems mogenupoBanus cocrasisuio 200 He ¢ marom 1 de. Janee B
nakete GROMACS 2023 B ancambiie NVT ¢ tepmocratrom bepenacena u 6apocrarom B Teuenue 400 mc ¢ marom
o Bpemenu 0,1 ¢c npu temmeparype 7= 298,15 K u gapnennn P = 100 xIla mpoBoAHIN COTBBATAIIUIO CUCTEMEI,
MHHIMH3AIHIO SHEPTHH U ypaBHOBeInBaHKe. [loka3aHo, 4TO Mpy MPOBEACHUN AWHAMHUKH HA ACCOIMALUIO JTAHHBIC
MOJIEKYJIBI He 00pa3yIoT arperatoB B BOJHOM pacTBope. Odcy:xaenne. B paboTe omnncaH cHHTE3 U XapaKTepPHUCTHKA
N-(2-(2-(2-a3u109TOKCH )ITOKCH)ITHI )-4,6- 11 (a3upuanH- 1 -ni)-1,3,5-TpuasuH-2-aMHHA CIIEKTPOCKOIMYECKHUMHU
MeToziaMy. Pe3ynbraThl pOBEeIEHHBIX MCCIIEIOBAaHNI MOJIEKYIISIPHOTO JIOKWHIA, COIIACYIOTCS C TIPOTHBOOITYXOJIEBOM
aKTUBHOCTBIO i1 Vitro, KOTOpast I0Ka3aja, 4TO COSANHEHUE MPOSBILIET MAaKCUMAaIIbHYI0 S3()(EKTUBHOCTD U ITOKa3bIBAIOT
MPUOIM3UTEIbHBIC 3HAUCHHS SHEPTHU CBA3BIBAHUSA B Auanazone ot —1,034 no —4,578 kkan/mons. [lokazano, uto N-(2-
(2-(2-a3umOATOKCH )3TOKCH )3THN )-4,6-1u(azupuans-1-un)-1,3,5-Tpuasun-2-aMuH 001agaeT BEICOKUM CPOACTBOM K
CBIBOPOTOYHOMY aJIbOyMHUHY, YTO YKa3bIBaeT Ha €r0 MOTEHIUAN IS PACTIPECICHHS B CBIBOPOTKE.

KuarwuesBble cjioBa
1,3,5-rpuasun, azupuans, IMP, MonekyisipHas TuHaMuKa, ans0ymus, B3LYP
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Introduction

Heterocycles that contain nitrogen are essential
structural elements of many contemporary medications
that have long-term therapeutic effects [1]. The synthesis
of extremely effective cytostatics is one of the heterocycles
promising uses in medicine, including 1,3,5-triazines
[2]. For the theoretical study of different physical and
thermochemical parameters of molecules, including
nitrogen-containing heterocycles, Density Functional
Theory (DFT) is a computational quantum mechanical
modeling technique that has grown to be a potent
tool. A synthesis and DFT analysis of certain pyrazole
derivatives, specifically thiophenes, 1,3-thiazoles,
and 1,3,4-thiadiazoles, were reported by Rodrigo et al.
[3] and Asmaa et al. [4]. Zhou et al. [5] reported on the
connection between structure and biological activity of
pyrazole carboxamide derivatives in the HOMO-LUMO
study. Dhonnar and associates [6] used the 6-311++G(d,p)
template to study the synthesis and theoretical analysis of
2-(aryl)-5-(3-(difluoromethyl)-1-methyl-1H-pyrazol-4-
yl)-1,3,4-Oxadiazoles using the DFT and MD calculations
methods. Therefore, DFT is regarded as the most significant
and fruitful approach in the field of pharmaceuticals
and pharmaceutical chemistry. Initially, researchers

L\NYN\ NH O N SN
I
NW¢N
N
/_\ (compound 1)

Fig. 1. Structure of N-(2-(2-(2-azidoethoxy)ethoxy)ethyl)-4,6-
di(aziridin-1-yl)-1,3,5-triazine-2-amine

must identify the crucial rarity property in the DFT. All
the molecules other characteristics, including its ground
energy state, can be readily ascertained using the electron
density principle. In a previous study we reported synthetic
methods of N-(2-(2-(2-azidoethoxy)ethoxy)ethyl)-4,6-
di(aziridin-1-yl)-1,3,5-triazine-2-amine (Compound 1)
(Fig. 1) [7].

In the current study, Compound 1 is synthesized and
characterized by 'H Nuclear Magnetic Resonance (NMR),
I3C NMR. The geometric optimization is done by using
the B3LYP functional with 6-31G basis set. The computer
simulation of the process of Compound 1 association
in aqueous solution was carried out using GROMACS
2023. Molecular docking simulations were applied to
comprehend the binding of Compound 1 to the molecular
target of Human Serum Albumin (HSA). Obtained results
are in good correlations with experimental data regarding
binding affinity by HSA.

Materials and Methods

Experimental NMR measurements

IH and 13C{IH} NMR spectra were obtained on
a Bruker Avance III 400 spectrometer (Germany)
(400.13 MHz for 'H and 100.61 MHz for 13C) in DMSO-d;
at 298.15 K.

DFT and MD calculations

In the first stage of computational modeling, the
optimized geometry and electronic structure of the
molecule was calculated using DFT. The calculations
were performed using the 6-31G basis set with the B3LYP
functional, considering the polarization of the solvent
(water) with a relative permittivity of 78.54. Computer
modeling NMR was performed using basis and functional
6-31G B3LYP and DMSO-d, polarization was taken into
account. For the calculations with periodic boundary
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conditions, 20 studied molecules and approximately 1.3-105
water molecules were placed in a cubic box with sides
of 16 nm; the distance between N-(2-(2-(2-azidoethoxy)
ethoxy)ethyl)-4,6-di(aziridin-1-yl)-1,3,5-triazin-2-amine
molecules was at least 3 nm, and the distance from the
molecule to the wall was at least 1.5 nm. The Optimized
Potentials for Liquid Simulations (OPLS) force field for
the OPLS-AA/M system was used; the simulation time
was 200 ns with a step of 1 fs. Next, in the GROMACS
2023 package in the NVT ensemble with a Berendsen
thermostat and a barostat for 400 ps with a time step of
0.1 fs under the condition at temperature 7'=298.15 K
and pressure P = 100 kPa, solvation of the system,
energy minimization and equilibration were carried out.

HSA preparation with Maestro 11.5

Crystal structures of the target protein (HSA) were taken
from the Protein Data Bank digital library. The structures
were selected according to the best binding constants
and high resolution of the structural data (4L9K, 5GIX,
2BXD, 3LU6, 2BXF, 1E7A). The resulting structures
were prepared using the Maestro 11.5 protein preparation
wizard (Maestro, v. 11.5 Schrodinger, LLC, USA). Bond
orders in the protein were restored and water molecules
were removed. OPLS force field was used to optimize the
protein. The ligand structure was preliminarily established
by quantum-chemical calculations and then saved in 3D
format. The compound was further prepared using LigPrep
3.6, it was used to create the conformational structure of the
ligands by removing ions and adding hydrogen molecules
and ionization at pH (7.0 + 2.0). Energy minimization was
performed with an OPLS force field using conventional
atomic mechanics energy capacity and Root Mean Square
Deviation (RMSD) cutoff of 0.001 nm to create an isomer
with minimal energy. The modeled 3D structure of the
human Prostate Specific Antigen (PCA) was prepared
using the Protein Preparation panel on the Schrodinger
platform. Protein preparation methods include many
steps, such as adding protons, determining bond order,
optimizing protonation states and hydrogen bond networks,
and minimizing the protein structure. Protons were added
to meet structural requirements, and side chains were
optimized either near the binding cavity or near the active
center or salt bridges. Hydrogen atoms were added to
the structure, in the form of hydroxyl and thiol hydrogen
atoms, in protonation states and tautomers of histidine
residues, and as “flipped” asparagine, glutamic acid, and
histidine residues. The optimized structure was minimized
using the OPLS-AA force field until the RMSD of the
non-hydrogen atoms reached 0.03 nm. A docking study
was performed using a grid-based method to analyze the
interaction of the selected compound with Carbamylated
form of Human Serum Albumin (ChSA). The receptor

grid was created to ensure that other amino acids are
involved in the interaction of the compound with ChSA.
For the receptor, a 3 X 3 x 3 x 3 nm grid was created with
a default inner core (1 X 1 x 1 x 1 nm) centered on the
corresponding ligand. After grid creation, all prepared
conformations of the selected compound were docked to
the binding site using GlideXP docking which allows free
docking of compounds. The compounds were selected for
further evaluation based on various docking parameters
such as docking score, binding energy and physical
parameters such as hydrogen bond interactions. Maestro
11.5 software was used as a visualization tool for the
docked ligands.

Results and discussion

DFT Calculation

DFT calculations using the 6-31G basis set provide a
computationally efficient approach for predicting atomic
charges, offering a good balance between accuracy and
computational cost for routine structural characterization.
Atomic charges were estimated using the Malliken scheme.
The energy values (in electronvolts) for the molecule are
as follows: HOMO: —6.279, LUMO: —1.147. The obtained
data are consistent with previously obtained values for
triazines [8]. The results of the spatial distribution of the
charge density surface are presented in Table 1.

As can be seen from the obtained results, a significant
negative charge is concentrated on the nitrogen and
oxygen atoms; however, the nitrogen atom designated as
N8 exhibits a positive charge, which is consistent with
previous data [9]. Furthermore, thermodynamic functions
for Compound 1 were obtained (Table 2).

The molecular dynamics method was used to study
the connection of molecules of Compound 1 with each
other in an aquatic environment. The charges on the
atoms, estimated using the Mulliken scheme, are used
based on quantum chemical calculations. The OPLS-AA/M
force field was used for the calculations; the simulation
time was 200 ns with a time step of 1 fs. The 200 ns
simulation time represents an optimal compromise between
sufficient duration for observing associative processes,
correspondence to experimental time scales and comparable
to the relaxation time in NMR measurements. Subsequently,
in the GROMACS 2023 package, NVT and NPT ensembles
with the Berendsen thermostat was used for 400 ps with
a time step of 0.1 fs, under conditions of 7= 298.15 K
and P = 100 kPa to perform system solvation, energy
minimization, and equilibration. Molecular dynamics
were used to further investigate possible aggregation
pathways of the Compound | molecules. During the
modeling of molecule association in water, it was found

Table 1. Red color is the region of increased negative charge; blue color is the region of positive charge. Charges on atoms, eV

Compound NI N2 N3 N4

N5 N6 N7 N8 N9 O1 02

—0.477 | -0.432 | —0.477

LR Vi,

—0.441

—0.448 | -0.656 | —0.273 | 0.130 | —0.146 | —0.570 | —0.581
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that the approach of these molecules to each other is quite
problematic; by 150 ns, clusters do not form in the system.
Further, by 200 ns, no associates were formed in water
(Fig. 2). At the end of the study, Compound 1 is released as
individual molecules in water. The potential for clustering
in water is also indicated by the low control panel graph
the values of which continue to be maintained throughout
the entire dynamic (Fig. 3). At the end of the simulation in
water, the 1,3,5-triazine molecules remained as individual
molecules. The low clustering potential in water is also
evidenced by the surface area reduction plot, whose values
remain constant throughout the entire dynamics (Fig. 2
and 3).

NMR Analysis

It should be noticed that the 6-31G basis set is
particularly well-suited for organic molecules as it
adequately describes the valence electrons of carbon
and hydrogen atoms while maintaining reasonable
computational demands, making it a good choice for
NMR shift predictions in medium-sized organic systems.
NMR spectroscopy is still one of the most powerful
techniques available for the detection and investigation
of the behavior of such dynamic organic compounds for
medical applications in several time scales. Using computer
modeling nuclear magnetic resonance for Compound
1 was calculated using the DFT method and geometry
optimization was performed. Excellent linear regression
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Fig. 2. Graph of surface area, interaction with solvent (water),
where N represents number of molecules of 1,3,5-triazine

correlation coefficient (R2>0.998) is obtained for the
obtained results (Table 2). Neutralizer polarization of
solvent (DMSO) was considered.

The data given in Table 3 shows that the Signed
Deviations (SD) are typically positive, indicating that the
computed 13C NMR chemical shifts are exclusively higher
than those of the experimental ones.

Fig. 3. Molecular dynamics visualization: association of 1,3,5-triazine derivative molecules in water after 150 ns (a) and 200 ns (b)

Table 2. NMR shifts

NMR Group DMSO-d, ppm
DFT method Practice

H CH, o 3.88,3.67,3.45,3.38 3.66, 3.62, 3.43-3.37
Crivzine 170.98, 170.85, 169.26 174.05, 169.62, 166.43
CH, uzividine 33.54,32.96, 32.84, 32.70 28.88,27.43,27.21, 26.21

e CH; g 63.38, 59.95 62.18, 59.98
CH,-O- 71.92,71.92 70.12, 70.44
CH,—Ny 72.68 70.60
CH,-NH- 40.71 40.62
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Table 3. The SD values for 13C NMR shifts

Group SD, ppm
Cuiazine +0.096
CH, sividine +4.320
CH, o +0.585
CH,-O- +1.640
CH,—Nj3 +2.080
CH,~NH- +0.090

Table 4. Values of the ultimate binding energy in the docking process

Glide docking score, kcal/mol 1A 1A 1A 1B 1IB 111B
XP GScore —2.477 —-1.034 -4.127 —-3.808 -4.578 -2.128

Based on the data provided in Table 3, the lowest
convergence is found in the signed deviations of aziridine
ring from the NMR shift. The SD for the 'H NMR
chemical shifts weren’t calculated due to appearance
of many signals as multiplets (doublets, triplets, etc.),
making it difficult to select a single representative value
for each proton environment for statistical analysis.
This approach ensures consistency in our comparison
between experimental and DFT-calculated chemical shifts
by avoiding arbitrary selection of specific peaks within
multiplet patterns.

HSA-Binding Assay

To design better therapeutics, it is important to
understand how a molecule interacts with protein. Thus,
great interest is paid to the understanding of the binding
mechanism of molecules with carrier proteins like HSA.
It has been extensively utilized as a model protein for
decoding protein-ligand interactions. Computational
methods have evolved as an effective tool for predicting
the properties of newly synthesized organic compounds and
the nature of interactions in a protein-ligand complex. After
successful exploration of probable mode of fluorescence
quenching [10], an attempt has been made to explore
the presence the various non-covalent forces such as van
der Waals forces, hydrophobic interactions, hydrogen
bonding and electrostatic interactions that are involved
in the binding of the proteins with ligands. The value of
Gibb’s free energy change was calculated to analyze the
nature of binding interactions between Compound 1 and
HSA. The spontaneous nature of the interaction was
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