DOI 10.1007/s10593-022-03107-5
Chemistry of Heterocyclic Compounds 2022, 58(8/9), 412-420

In silico study of conjugated nitrogen heterocycles
affinity in their biological complexes

Nataliya V. Obernikhina'*, Maryna V. Kachaeva?,
Oleksiy D. Kachkovsky?, Volodymyr S. Brovarets®

! Department of Medical Biochemistry and Molecular Biology,
O. O. Bogomolets National Medical University,
13 Taras Shevchenko Blvd., Kyiv 01601, Ukraine; e-mail: nataliya.obernikhina@gmail.com

2 Department of Chemistry of Bioactive Nitrogen-Containing Heterocyclic Bases,
V. P. Kukhar Institute of Bioorganic Chemistry and Petrochemistry,
National Academy of Sciences of Ukraine,
1 Murmanska St., Kyiv 02094, Ukraine

Published in Khimiya Geterotsiklicheskikh Soedinenii,
2022, 58(8/9), 412420

Submitted April 25, 2022
Accepted after revision June 27, 2022

[Heterocycle—BioMolecule] complexes with hydrophobic effect

Acceptor
heterocycle
-5.0 kcal/mol

Acceptor
heterocycle

- —8.6 kcal/mol

" Hydrogen-bonded

n-Stacked ; > g complexes
complexes w‘ P

ol L

% o —5.0 kcal/mol
3.8 keal/mol ‘ s

DG heterocycle

heterocycle

For the estimation of the biological affinity of nitrogen-containing m-conjugated heterocyclic systems toward amino acid residues in
proteins, the fragment-to-fragment approach was proposed. Two mechanisms of complexation between the heterocycle molecule with
different donor/acceptor properties and the amino acid residue in the active part of the protein biomolecule were considered. One of these
mechanisms is the n-stacking interaction and the other is formation of hydrogen bonds with model amino acid residues. It was found that
heterocycles with a m-conjugated electron-acceptor moiety form a more stable heterocycle—biomolecule complex with protein fragments.
Nitrogen-containing conjugated heterocycles with several nitrogen atoms form poly-hydrogen-bonded complexes. The stabilization
energy of complexes with two pyrimidine—biomolecule hydrogen bonds increases by 4—6 kcal/mol compared to similar complexes with
one hydrogen bond. Hydrophobic interactions are much more sensitive to the donor-acceptor properties of heterocycles in the formation
of hydrogen-bonded complexes than in the formation of zn-stacked complexes. The hydrophobic effect in the fragment-to-fragment
approach allows us to see the values of the stabilization energies of the heterocycle—biomolecule complexes as close as possible to the
experimentally studied biological systems.

Keywords: biological affinity (¢, parameter), fragment-to-fragment approach, heterocycle—biomolecule complex, hydrogen bonding,

hydrophobic effect, n-stacking interaction.

Conjugated nitrogen-containing heterocyclic systems
form the basic core of some natural products such as amino
acids and proteins, nucleic acids, vitamins, and some
neurotransmitters. Therefore, these types of heterocyclic
conjugated systems are favorite platforms for the discovery
of new drugs and modeling their effectiveness. Among the
different heterocyclic compounds, imidazole is better
known due to its broad range of chemical and biological
properties. Imidazole has become an important synthon in
the development of new drugs.
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Derivatives of 1,3-azoles show different biological
activities such as antibacterial, antimycobacterial, anti-
inflammatory, antitumor, antidiabetic, anti-allergic, anti-
pyretic, antiviral, antioxidant, anti-amoebic, anthelmintic,
antifungal, and ulcerogenic."” Pyrimidines and their
derivatives are also considered important bases in medi-
cinal chemistry. A large number of reported pyrimidine
derivatives exhibit antimycobacterial, antitumor, antiviral,
anticancer, and antimicrobial activities.** Condensed
pyrimidines continue to attract a lot of attention because of
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their great practical utility, primarily because of the very
wide spectrum of biological activities. In recent years,”
pyridine- and pyrimidine-based anticancer drugs have been
developed based on structural modification of these core
structures. The in silico drug discovery pathway is
especially important for identifying new active substances
as it allows to use, at an early stage, fragment-based drug
discovery strategy™” and fragment-to-fragment approach'®™"!
for the analysis of the interaction between a small
heterocycle molecule,”” e.g., heterocycle (Het), and the
amino acid residue in the active part of the protein
biomolecule (BioM)."*"*

The key condition for the biological action of any
potential drug compound is the formation of a [Het-BioM]
complex with the target protein molecule. The ability of
heterocyclic systems to form such a [Het-BioM] complex
is called affinity.'>'® In addition, hydrophobic interaction
affects the energy of stabilization of such [Het-BioM]
complex.

This paper presents the results of in silico studies of the
stability of [Het-BioM] complexes of the simplest nitrogen-
containing conjugated heterocyclic molecules that will be
considered in detail, taking into account the dependence of
the intermolecular interaction on the donor-acceptor
properties of both the heterocycle and the biologically
active molecule, using the fragment-to-fragment approach.

Here we will consider only the two most widely known
heterocycles with two nitrogen atoms, which are used as a
platform for many pharmacological drugs. A typical
representative of donor heterocycles can be imidazole (1),
and a typical heterocycle of acceptor nature is pyrimidine
(2). In the 5-membered ring of compound 1, the first
nitrogen atom (NH) with trtrtrr” configuration donates two
electrons into the conjugated system, while the second
nitrogen atom with tr’trtrn configuration gives only one
electron. The excess of n-electrons in comparison with the
number of m-centers provides the donor property of
molecule 1. In the 6-membered ring of pyrimidine (2), both
nitrogen atoms have the tr’trtrn configuration, and,
therefore, each atom gives one electron. An electronically
balanced m-system with two nitrogen atoms with higher
electronegativity provides the acceptor properties of
molecule 2. Both platforms are simple conjugated
molecules and contain dicoordinated nitrogen atoms (one
or two, respectively) with a lone electron pair (LEP), which
can be used as an acceptor center for the formation of
hydrogen bonds.

Of course, real drug molecules also contain various
substituents in the heterocycle, but they are linked with the
main platform by o-bonds and, therefore, do not
fundamentally affect the donor-acceptor properties of the
substance and the possibility of hydrogen bonding at the
LEP of dicoordinated nitrogen atoms.

Only four amino acids contain conjugated residues:
phenylalanine, tyrosine, tryptophan, histidine. They can
form a [m,t] complex with "platform" 1 and 2; in addition,
histidine can form a hydrogen bond with ligands at the LEP
of the dicoordinated nitrogen atoms, and tyrosine can be a
donor of the hydrogen atom by the OH group during the
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Figure 1. Chemical structures of drug-like heterocycles 1, 2,
amino acid models 3-7, and the peptide bond model 8.

stabilization of the [Het-BioM] complex through the
hydrogen bond mechanism. In this work, instead of real
acids, their model molecules 3-6 will be used, the
noncyclic fragment of the amino acid being replaced by
methyl group, as shown in Figure 1. Furthermore, for
comparison, the interaction with 2-methylbutane (7) as
model leucine will be considered. In addition, peptide
fragments are formed in the protein chain with their
conjugated system, which includes electronic pairs of the
amide C=0 group, as well as LEP at the nitrogen atom; this
system is modeled by molecule of acetamide (8) with the
simplest conjugated fragment. The structures of these
compounds are presented in Figure 1.

Some proteins contain functional groups OH, NH, SH
which participate in the formation of hydrogen bonds as
donor centers. The rest of the components were modeled by
methyl groups, replacing the amino acid residue,
optimistically assuming that the effect of the unconjugated
portion of amino acids is insignificant. A biomolecule, or
rather an amino acid in the [Het-BioM] complex, stabilized
by a hydrogen bond, is modeled by quantum-chemical
calculations on a simpler molecule: MeX, where X = OH,
NH, H. It is unlikely that other amino acid fragments in
protein molecules can form a stable complex with any
n-conjugated systems. A [Het-BioM] complex between a
nitrogen-containing conjugated heterocyclic system and a
biomolecule is formed both due to the effective interaction
of the m-system of both components (m,m interaction,
w,m stacking, [w,m] complex) and due to hydrogen bonds
between LEPs of dicoordinated nitrogen atoms of
heterocycles and a proton of biomolecules ([HB] complex).
It can be assumed that the boundary m-molecular orbitals
(MO) and higher molecular orbitals (n-MO) play a decisive
role in these interactions. Therefore, we will restrict
ourselves to only these MOs, comparing the effect of the
donor-acceptor property (or basicity) of both conjugated
platforms 1 and 2.

According to the molecular docking results, compounds
based on imidazole (1) or its hetero analogs and pyrimidine
can form [Het-BioM] complexes with a peptide fragment:
protein—ligand complex.™* This indicates a significant
stacking interaction between the systems of both compo-
nents of the complex. Naturally, the frontier molecular
orbitals (the highest occupied MO (HOMO) and the lowest
unoccupied MO (LUMO)) of both molecules contribute to
the formation of the [m,n] complex. Calculations of the



Chemistry of Heterocyclic Compounds 2022, 58(8/9), 412—420

) N
E eV H D N
Ja 2 e N
o— D
2 umo L T o
o 0 - 3
-2 1 mid gap
] Fermilevel .
4
54 mid gap

-84 07/ “

410 ZZﬁ*
12+ [

-14 4 4\& ”

&‘
1\

Figure 2. Shape of the n-MO and n-MO in imidazole (1) and
pyrimidine (2).

studied molecules 1 and 2 show that among n-MO are
n-MO, similar in both nitrogen heterocycles 1 and 2. In the
molecule of pyrimidine (2), there are two such n-MO one
of which is a frontier orbital. Thus, the probability of
complexation by the mechanism of hydrogen bonding with
biomolecules for pyrimidine (2) increases significantly.
There are also two centers of such complexation. The
mutual arrangement and shape of the frontier MOs, as well
as some of the nearest orbitals, are shown in Figure 2,
while their energies are presented in Table 1.

Figure 2 shows that the frontier molecular orbitals
HOMO and LUMO of imidazole (1) are shifted upward
compared to the corresponding molecular orbitals of
pyrimidine (2). At the same time, the energy gap (the
distance between the HOMO and LUMO) significantly
decreases passing from molecule 1 to molecule 2. The
n-MOs are located below the frontier orbital in the donor
imidazole (1), while acceptor pyrimidine (2) contains two
n-MO LEPs, they are cleaved and one of those is the
HOMO.

It is to be noticed that the HOMO corresponds to the
valence band top whereas the LUMO corresponds to the
conductivity band bottom, as well as the distance between
both bands is the energy gap; the relative position of the
gap with respect to the Fermi level points directly to the
donor-acceptor properties of the electronic system.

Table 1 shows that since n-MOs of compounds 1 and 2
(HOMO) are located at a level close to nonbonding, they
can effectively form hydrogen bonds with the protons of
functional groups of amino acid residues in proteins, such
as OH, NH,, or SH. Moreover, this type of bond formation
will be more typical for pyrimidine derivatives, since its
n-MO occupies the HOMO, from which the first electronic
transition occurs corresponding to the bond formation.

Previously,'” we proposed to estimate quantitatively the
donor-acceptor properties of conjugated systems by
parameter @, calculated by the following equation (1):

Table 1. MO energies (¢) and type of HOMO
of compounds 1 and 2

Compound
MO 1 2

g, eV Type g, eV Type

LUMO 2.95 — 0.80 -
HOMO -8.26 n-MO -9.17 n-MO
HOMO-1 -9.43 n-MO -10.00 n-MO
HOMO-2 -9.75 n-MO -10.55 n-MO
HOMO-3 -13.17 n-MO -10.86 n-MO

@0 = (eLumo — A)/A, (1)

where A = gymo — €nomo, €Lumo iS the energy of the
LUMO; epomo is the energy of the HOMO; o =-3.56 eV is
the energy of Fermi level."

For neutral conjugated molecules (for example, long
unsubstituted polyenes or acenes), o corresponds to such
disposition of the frontier MOs when the donor and
acceptor properties are mutually balanced and ¢, = 0.5, i.e.
the energy gap is situated symmetrically with respect to the
imaginary level a. The shift of the energy gap (and hence
increase of the parameter ¢y > 0.5) indicates mainly the
donor nature of the conjugated molecule. On the contrary,
if @9 < 0.5, then the frontier MOs are shifted down,
evidencing a predominately acceptor nature of the
molecule.” The calculated MO energies and parameter ¢,
of the molecules studied 1-8 are collected in Table 2.

Firstly, the values obtained in Table 2 for the parameter
¢ indicate that imidazole (1) is a conjugated donor system,
while pyrimidine (2) is a conjugated acceptor molecule.
Moreover, in pyrimidine (2) HOMO is n-orbital, HOMO-1
is m-orbital. Thus, it is logical that a particular parameter @,
can also be used for relative positions of n-MOs. As can be
seen from Table 2, @ for n-MO (@g") is slightly smaller

Table 2. MO energies, type of HOMO,
and parameter @, of compounds 1-8

- g,*eV
pco(ilrrrlld Type oMo _tumo N @
-MO -8.26 295 11.21 0.58
! n-MO 943 295 1238 052
n-MO -9.17 0.80 9.97 0.44
2 n-MO -10.00 0.80 9.80 0.40
3 -MO ~7.46 3.50 1096  0.64
4 -MO -8.45 2.01 1046 053
5 -MO —7.74 1.96 9.70 0.57
6 -MO -7.23 1.80 9.03 0.59
n-MO -8.81 3.13 11.94 052
7 -MO -8.92 3.13 1205 056
8 n-MO -10.52 4.54 1507  0.54
Polyene'’ -6.21 -0.91 5.30 0.50

* g is energy of molecular orbital.

** A = gLumo — EHOMO-
5% o0 = (sLumo — a)/A; a=-3.56 V.
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than @, for T-MO (¢o"), except for pyrimidine (2), which
exhibits acceptor properties.

As for the conjugated fragments of model amino acids
3—6, the model phenylalanine 4 can be considered as a
weak donor due to the inductive effect of the methyl group
(po = 0.53); the introduction of a hydroxyl group (model
tyrosine 5) increases the donor properties (g = 0.57); the
basicity of model histidine 3 and model tryptophan 6 is
higher and, therefore, the parameter is larger (¢o = 0.64 and
@ = 0.59, respectively); the model leucine 7 is the weakest
donor ¢ 0.54, although the nature of the MOs is
different. The model peptide 8 molecule is also a weak
donor, the parameter changes insignificantly on going from
-MO (0" = 0.56) to n-MO (@o" = 0.54), @," is close to the
value of 0.5.

Nitrogen-containing heterocyclic m-conjugated system
[Het] and a biomolecule [BioM] form a [Het-BioM]
complex (Scheme 1).

The stability of the [Het-BioM] complex depends on the

Scheme 1
[Het] + [BioM] <= [Het-BioM]

electronic environment of both components. We assumed
that the complex and its components are neutral and hence
no electron redistribution between the components upon
complexation occurs.” Stabilization energy of the complex
(or binding energy Eying) Was estimated as the difference of
the total energies of the complex components:

2

where Ecompiex 15 energy of [Het-BioM] complex after
optimization of molecular geometry, while Ecompn) and
Ecompm-1) are the energies of the individual components
after optimization of molecular geometry.

Generally, according to the perturbation theory,”' the
intermolecular interaction in the complex between two
systems A and B which could represent the heterocycle and
biomolecule, respectively, depends on the relative positions
of the frontier MOs of both molecules, as well as on the
overlap of their n- or n-MOs. It can be quantified using the
following equation (3):

A A B B Cipcjv
ORI
o v

Ebind = EComplex - EComp(n) - EComp(n—l)n

3

where ¢; and g; are energies of MO i and j; Cj, and Cj, are
MO coefficients at atoms p and v; indices i, p pertain to
system A, while indices j, v pertain to system B; the first
two sums run over all energy levels, whereas the second
two sums run over all atoms.

In the ground state, all MOs in the valence band are
occupied by electrons, whereas the vacant MOs in the
conductivity band contain "holes". In the framework of
molecular orbital theory,” the occupied (or vacant) orbitals
repel each other, while the vacant and occupied MOs
attract each other pairwise. Therefore, it follows from
equation (3) that the interaction between the components is
inversely related to the distance between interacting levels
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Figure 3. Optimized [n,n] complex between pyrimidine (2) and
model phenylalanine 4 (visualized by the HyperChem package).

and is proportional to the overlapping of both n- or
T-systems.

As an illustration, the optimized [n,m] complex of
pyrimidine (2) and toluene (4) as model phenylalanine are
presented in Figure 3.

All pairwise interactions between conjugated compo-
nents can be quantum-chemically calculated. According to
equation (3), the stabilization energy of the complex should
depend first of all on the distance between the frontier MO
energy levels of the interacting components.

The calculated distances between the valence top of
the first component (drug model heterocycle) and the
conductivity bottom of the second component (amino acid
model) for all possible [n,n] complexes are presented in
Table 3.

The numerator in formula (3) points to the fact that
interaction between two components of the [m,t] complex
depends on the overlap of the MOs, whereas the
denominator shows that the interaction is inversely on the
values of the energies of molecular orbitals.

Calculations show that the interactions of the
n-conjugated nitrogen-containing heterocycles 1 and 2 with
n-systems of model fragments 3—6, and 8 are possible, thus
such interactions should stabilize the [w,n] complex.

The calculated data in Table 3 indicate unambiguously
that the distances between frontier levels in [m,n] complexes
of heterocycles depend on the basicity of both conjugated
components. Generally, the distances between the HOMO
of heterocycle eyomo(Het) and the LUMO of protein
fragment g ymo(Frag) are close for both molecules 1 and 2.
In contrast, the corresponding distances between the
HOMO of the protein fragment eyomo(Frag) and the
LUMO of the heterocycle g ymo(Het) differ considerably
for both platforms, i.e. they are essentially sensitive to the

Table 3. The frontier MOs distances in [r,n] complex
between drug model heterocycles 1, 2
and amino acid model compounds 3—6 and 8

Model fragment [1-BioM] [2-BioM]
© Ae' ¥ eV Al ¥ eV Ag'* eV A ** eV
3 -12.30 -10.89 -12.70 -8.35
4 -10.30 -11.70 -10.70 -9.16
5 -10.23 -11.00 -10.63 -8.46
6 -10.18 -10.41 -10.58 -7.87
8 -11.32 -12.01 -11.72 -9.47

* A = gnomo(Het) — eLumo(C).
** Ag” = enomo(C) — eLumo(Het).
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Figure 4. Shapes of the MOs in the [n,n] complexes [Het—-BioM] between compounds a) 1, b) 2 and model phenylalanine 4.

parameter ¢,. Thus, the distances between the HOMO of
the donor imidazole (1) and the LUMO of any conjugated
model protein fragment are less than the corresponding
values for the acceptor pyrimidine (2). At the same time,
the distances between the HOMO of any protein fragment
and the LUMO of the heterocycles are greater for the donor
imidazole (1), compared with acceptor pyrimidine (2).
The maximum values Ae' and Ae’ are obtained for the
model peptide 8 and model histidine 3 with their greatest
energy gap. We could assume that decreasing the electron
donor ability of the heterocycle should lead to the increase
of the energy of stabilization of [m,m] complexes. More-
over, it is to be noted that the formation of the [Het-BioM]
complexes is accompanied by MOs splitting of the
components.

For the purpose of illustration, the shapes of the frontier
and closest molecular orbitals of the complexes of both
heterocycles 1 and 2 with the model phenylalanine 4 are
pictured in Figure 4.

One can see that the HOMO in the [Het-BioM] complex
(Fig. 4a) is the LEP and hence it is mainly located at
heterocycle 1, whereas the HOMO-1 is totally delocalized.
The delocalized LUMO is concentrated at the model
phenylalanine fragment 4. It has maximum overlap with
HOMO-1, and, consequently, their interaction should be
effective for the complex stabilization. In the [Het-BioM]
complex (Fig. 4b), the frontier MOs are located at
separated components. They should overlap effectively and
hence stabilize the [m,m] complex. Analogically, the
interaction of other orbitals could be also taken into
consideration. Of course, the perpendicular overlap of the
p--orbitals of the different components in the [w,m] complex
is lesser than the overlap in the planar conjugated system.
Nevertheless, this interaction between the conjugated
systems of both components provides the stabilization of
the [n,m] complex. The calculated stabilization energies of
the possible [m,m] complexes by formula (2) are presented
in Table 4.

Table 4 shows that the calculated stabilization energies
of all possible [n,m] complexes confirm the assumption that
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their stability depends on the donor-acceptor properties of
the heterocycle molecule: all complexes with acceptor
pyrimidine (2) are more stable than the corresponding
complex with donor imidazole (1). We consider the
formation of a [Het-BioM] complex according to the principle
of n,m-stack interaction between the model leucine and
heterocycles 1 and 2. As can be seen from Table 4, the
[n,m] complex of leucine with acceptor pyrimidine (2) is
more stable than with donor imidazole (1).

The difference in binding energy of [m,m] complexes
also depends on the donor properties of the model
fragments of proteins 3-8 and reaches a maximum for a
pair of [1-3] and [2-3] complexes, while the calculated
binding energies for the complex of both heterocycles 1
and 2 with model peptide 8 differ minimally.

Hydrophobic effects are considered very significant in
biological processes for protein folding and ligand
binding.**?* They are associated with the interaction
between water and dissolved compounds, which leads to

Table 4. Binding energies (Eying) 0of [7,m] complexes
with model heterocycles 1 and 2

[1-BioM] [2-BioM]

Com- Eo ok

pound ~~ComP au Ecomplexs™  Ebinds™**  Ecomplexs™  Ebing, ¥ **

au kcal/mol au kcal/mol

1 —226.137614
2 -264.219335
3 -249.404719 —-475.567223 -15.62 -513.659379 -22.17
4 —271.480308 —497.642925 —15.69 -535.726695 —16.98
5 —346.678839 —-572.839455 -14.44 -610.928859 —19.26
6 —403.016352 —629.181122 -17.04 -667.267132 —19.74
7 —197.727326 —-423.883198 -11.46 -461.970844 —-15.17
8 —248.445971 -474.616411 -20.60 -512.699905 -21.71

* Ecomp is energy of compounds after optimization of molecular geometry.
** Ecomplexis energy of [m,m] complex after optimization of molecular
geometry.

*** Euna 18 energy stabilization of the formed complex, calculated by
formula (2).
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Figure 5. Hydrophobic effect as the mechanism of complexation.

the formation of a common surface of contact between the
two components and lowers the energy barrier of the
approach of molecules, thereby increasing the possibility of
complexation. Figure 5 schematically shows the mecha-
nism of the hydrophobic effect of water on the components
of the [Het—BioM] complex.

Here, we will treat the hydrophobic effect as an
energetic advantage when two organic molecules generate
the complex, and hence the water molecules between them
are absent, in comparison with the separated components
(as can be seen from Figure 5). Calculated hydrophobic
effects for the investigated heterocycles with model
fragments of protein molecules 3-8 are presented in Table
5. The calculated data indicate that the hydrophobic effects
are strong enough and depend, first of all, on the area of
overlap of both components in the [Het-BioM] complex.
The dimensions of pyrimidine 2 are slightly larger than
those of imidazole 1, and, therefore, the hydrophobic
effects of its complex with biomolecules 3-8 are slightly
larger. There is also a difference in the stabilization
energies of the [mm] complex. This is undoubtedly
associated with the donor-acceptor properties of both
heterocycles 1 or 2 and protein fragments 3—6.

Nevertheless, there is a clearly pronounced dependence
of the stabilization energy of [Het-BioM] complexes under
the influence of the hydrophobic effect on the basicity of
heterocycles 1 and 2: increasing of the ¢, parameter is
accompanied by an increasing of additional stabilization of
the [n,] complex due to the hydrophobic effect.

Another type of [Het-BioM] complexes is formed by
the generation of hydrogen bonds between nitrogen atoms
of heterocycles with LEP which are considered as electron
acceptors, and amino acids in proteins containing
functional groups such as NH,, OH, SH. In the case of
model protein fragments 3-8, the non-conjugated fragment
of model amino acids was modeled by methyl group.
Therefore, the various conformations of the peptide chain
are not taken into consideration, as we suppose opti-
mistically that we could neglect them for our purpose.
Besides, we will compare the stabilization energies of
[HB] complex in the series of chemically similar com-
pounds. In addition, a peptide fragment of a protein can
give a proton to the NH group as a donor center, and give a
pair of electrons to the oxygen atom of the C=0O group as
an acceptor center.
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Table 5. Binding energies (Eyina") of [1,1] complexes
with compounds 1 and 2 (taking into account the hydrophobic effect)

Com- o b [1-BioM] [2-BioM]
pound Comp'» ™ 8 EComplexha** Epind’,*** EComplexha** Eind,¥**
au kcal/mol au kcal/mol
1 —226.157787
2 —264.241304
3 —249.419733 —475.586535 -5.66 —513.668898 —4.93
4 —271.485570 —497.649441 -3.82 —535.734826 —4.99
5 —346.688546 —572.853285 —4.36 -610.939999 —6.37
6 —403.025332 —629.193606 —6.58 —667.277418 —6.77
7 —248.460625 —512.712339 —6.53 —-474.632754 -9.00
8 —197.727663 —423.893493 -5.04 -461.977221 -5.18
* EcOmph is energy of compounds after optimization of molecular

geometry, was calculated using PCM.

** ECo,nplcxh is energy of [m,m] complex after optimization of molecular
geometry, was calculated using PCM.

##k [ is energy stabilization of the formed complex, calculated by
formula (2).

According to formula (3), the stability of possible [HB]
complexes between molecules 1 or 2 and model proton
donors depends on the distance between the n-level of
nitrogen atoms of LEP in heterocycles 1-2 and on the
LUMO of the model proton donor MeXH (were X = O, S,
NH), which can be seen in Figure 6.

The possibility of stabilizing the complex between
heterocycles 1 and 2 by the mechanism of hydrogen
bonding also depends on their donor-acceptor properties.
As can see from Figure 6a, imidazole is a better donor and
its n-MO is on HOMO-1, then in the HOMO [HB]
complex (which is responsible for the first electronic
transition — the chemical bond formation energy) it belongs
to the proton donor, the model SH group (MeSH molecule),
and LUMO belongs to imidazole (1). Conversely, when a
[Het-BioM] complex is formed by the hydrogen bond
mechanism with a better acceptor pyrimidine (2) in the
[HB] complex, HOMO belongs to pyrimidine (2), and
LUMO belongs to the donor group, in this case SH (see
Fig. 6b). It should also be noted that such properties of
heterocycles 1 and 2 affect the stabilization energy values
of their complexes, which are collected in Table 6.

First, the calculations give the binding energies of [HB]
complexes, which are close to the stabilization energies of
the [m,m] complexes. Of course, these energies are
determined by the nature of the donor center: the highest
energy is obtained for the [HB] complex with the OH
group (model MeOH), especially in the [HB] complex with
the acceptor pyrimidine platform 2.

In addition, a hydrogen bond can arise through the donor
center of the three-coordinated nitrogen atom (proton of the
NH group) of model tryptophan (6) and model histidine 3.
The calculations shown in Table 6 show that the binding
energies of the [HB] complexes with these protein
fragments exceed the corresponding values for the [HB]
complexes with the model MeXH (were X = O, S, NH).
The stability of the [HB] complex of model tryptophan 6
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Figure 6. Shapes of the MOs in the [HB] complexes [Het-BioM] between compounds «) 1, ») 2 and model MeSH.

Table 6. Binding energies (Eying) of [HB] complexes

of heterocycles 1 and 2

Table 7. Binding energies (Eying) of bis-[HB] complexes
of compound 2 with model proton donor MeXH

[1-BioM] [2-BioM] [2-BioM]
Com- E *au —
pound comp> EComplex;** Eiing,*** EComplex,** Eiing,*** Compound ECompy* au Ecompon** Ebina, keal/mol
au kcal/mol au kcal/mol L"m;ucx’ bis- mono-
1 —226.157787 complex  complex
2 —264.241304 MeOH —115.684950  -495.634107 -14.37 -18.42
MeNH, -95.829202 -321.987001 -12.67 -360.075683 —17.04 MeNH, -95.829202 4559214514 -13.64 -17.04
3 —249.404719 -475.575628 -20.90 -513.661956 -23.79 MeSH -438.667606 —1141.593579  -10.71 -16.98
MeOH -115.684950 —341.846043 —14.74 -379.933640 -18.42 2 —264.241304
5 _346.678839 —572.849511 -20.75 —610.934421 -22.75 * Ecomp 1s energy of compounds after optimization of molecular geometry.
** Ecomplex 1S energy of bis-[HB] complex after optimization of molecular
MeSH -438.667606 —664.827908 —14.24 -702.913997 -16.98 geometry.
8 048451486 —474.617734 —17.97 —512.704090 -20.88 *** Euina 1S energy stabilization of the formed complex, calculated by

* Ecomp 1s energy of compounds after optimization of molecular geometry.
** EcomplexiS energy of [HB] complex after optimization of molecular
geometry.

*** Euina 1S energy stabilization of the formed complex, calculated by
formula (2).

and model acceptor of histidine 3 with pyrimidine (2)
exceeds 2—-5 kcal/mol.

It should be noted that [HB] complexes can theoretically
be formed with the NH group in the model peptide 8. The
calculated binding energies of such complexes are of the
same order, and the [HB] complex with the acceptor is
more stable than [w,m] complexes.

Finally, it must be considered that pyrimidine (2) allows
two acceptor sites to form the [HB] complexes. Then
even two hydrogen bonds can form simultaneously,
forming a common [HB] complex. The energies of stabili-
zation of such bis-complexes, as well as their comparison
with the respective mono-complexes, are presented in
Table 7.

As can be seen from Table 7, bis-[HB] complexes of
pyrimidine (2) with model MeXH are more stable (by
about 4-5 kcal/mol). The stabilization energy of such bis-
complexes also depends on the nature of the X atom of the
model proton donor and has the same tendency to change
as mono-[HB] complexes. It should be noted that the
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formula (2).

expected increase of the binding energy of bis-complexes
relative to the value of the stabilization energy of mono-
complexes is not observed. However, it is noticeable that
the stabilization of the bis-[HB] complex by a model
MeSH molecule has the largest difference.

Hydrophobic interactions induce some order in the
surrounding water. Small hydrophobic units reduce the
volume of configuration space available for hydrogen
bonding. In the case of water-soluble compounds, the water
molecules can adopt an orientation that allows the
hydrogen bonding to orient the compounds relative to each
other with minimal energy consumption (see Fig. 5). In this
case, the probability of complexation increases significantly.

Let us consider the hydrophobic effect of water
molecules on the stabilization energy of complexes formed
between heterocycles 1 and 2 as electron pair donors and
the model MeXH as proton donors, presented in Table 8.

Table 8 shows that hydrophobic interactions have a
colossal effect on the energy of stabilization of complexes
by the mechanism of hydrogen bond formation: they
reduce the energy effect by several times compared to
calculations in a vacuum, making the binding energy of
[HB] complex formation as close as possible to biological
systems.”>?® Interestingly, the hydrophobic effect on the
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Table 8. Binding energies (Eying”) of [HB] complexes
with compounds 1 and 2 (taking into account the hydrophobic effect)

[1-BioM] [2-BioM]
Compound Eping,* Eping',** Eping,* Eying'**
kcal/mol kcal/mol kcal/mol kcal/mol
3 —20.90 -8.82 —-23.79 —6.03
5 —20.75 -9.99 —22.75 —6.97
8 -17.97 -8.92 —20.88 —8.68
MeOH —-14.74 -9.31 —18.42 —7.44
MeNH, -12.67 -8.63 -17.04 —-5.05
MeSH -14.24 -8.11 -16.98 -5.71
2MeOH - - -14.37 -8.20
2MeNH, — - —-13.64 -7.18
2MeSH - - -10.71 —-6.84

* Epina 1s energy of [HB] complexes, calculated in vacuum.
** . is energy stabilization of [HB] complexes, calculated taking into
account the influence of the hydrophobic effect.

stabilization energy of the bis-[HB] complexes of pyrimidine
(2) is higher compared to mono-[HB] complexes, in
contrast to the energy in vacuum. Moreover, hydrophobic
effects are sensitive to the donor-acceptor properties of
heterocycles 1 and 2: the stabilization energy of complexes
with electron-donor imidazole (1) decreases about
2.5 times, and with electron-acceptor pyrimidine (2) —
approximately 3.5 times relative to these values in vacuum.

Thus, a detailed in silico study using the fragment-to-
fragment approach shows that nitrogenous conjugated
heterocyclic compounds can form a stable [Het-BioM]
complex with the conjugated protein model fragments
through a m-stack interaction, as well as due to the
hydrogen bond between LEPs at the dicoordinated nitrogen
atom as an acceptor center and the proton of functional
groups NH, OH, and SH of amino acid residues. The
relative position of the boundary MOs (9, parameter) is
used to quantify the donor-acceptor properties of all
components of the [Het-BioM] complex. It was found that
the energy stabilization of the [Het-BioM] complex,
formed both by the =n-stack mechanism and by the
mechanism of hydrogen bonding, is sensitive to the
parameter Q.

For nitrogen-containing conjugated heterocycles with
several nitrogen atoms (several LEP), it is possible to form
poly-[HB] complexes. In the example of pyrimidine, it was
found that the stabilization energy of bis-[HB] complexes
increases by 4—6 kcal/mol compared to similar mono-[HB]
complexes, but not two times, as might be expected.

The influence of the hydrophobic effect on the stabili-
zation energy of the [Het-BioM] complexes by quantum-
chemical calculations has been studied. Hydrophobic
interactions are much more sensitive to the donor-acceptor
properties of heterocycles in the formation of [HB]
complexes than in the formation of [r,n] complexes. Thus,
under the influence of the hydrophobic effect the
stabilization energy of [m,m] complexes increases 3 times
both in complexes with donor imidazole and in complexes
with acceptor pyrimidine in comparison with similar

calculations in a vacuum. Moreover, the stabilization
energy of [HB] complexes with donor imidazole under the
influence of the hydrophobic effect increases 2 times while
in [HB] complexes with acceptor pyrimidine the stabili-
zation energy of HB complexes increased 3 times in
comparison with similar calculations in a vacuum. It should
be noted that the hydrophobic effect has a much smaller
effect on the stabilization energy of bis-[HB] complexes
compared to mono-[HB] complexes.

The hydrophobic effect in the fragment-to-fragment
approach allows us to see the values of the stabilization
energies of the [Het-BioM] complexes as close as possible
to the experimentally determined biological systems.

Computational details

The main characteristics of the electron structure
(optimized molecular geometry, charge distribution,
energies and shape of MOs) were calculated by DFT
wB97XD/6-31G(d,p) method using the Gaussian 09
software package. In the quantum-chemical modeling of
the interactions between the model nitrogen-containing
heterocycles and the model biomolecules for both types of
complexation, the previous optimization of both
components was performed. To simulate a [n,n] complex,
the interacting molecules were located in parallel at a
distance of 3.4 A,*" the dipole moments of each compo-
nent being oriented antiparallel to each other.’** To
simulate [HB] complexes between nitrogen heterocycles
and biomolecules by the mechanism of hydrogen bonding,
we took into account the 2 A distance”° between the LEP
of the dicoordinated nitrogen atom of heterocycle and
proton of the biomolecule. After this initial position, the
geometry optimization procedure, m-stacking interaction
between the heterocyclic system and the biomolecule, was
studied according to the appropriate mechanisms. The
hydrophobic effect was calculated using the polarized
continuum model (PCM).

We would like to thank the Enamine Ltd. for the
financial and technical support.
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