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T'uopazonst, npou3eo0Hbvle NUPUOOKCANA TUOO RUPUOOKCANL-S-hochama unu zemepo-
UUKIUYECKUX 2UOPA31008, RPEOCMAsIAIon UuHmepec, 61a200apsa ceoell nOMeEeHUUaIbHOol 0uo0-
2UYeCKOoll aKMUBHOCHU U 603MOMCHOCHIU UCHO/Ib306AHUS 6 KAYeCcmee CeHCOPO8 HA UOHbl Me-
mannoee. Imu ceolicmea 2udpazoHO8 MoZym 3a8UCemsb OM KOHMOPMAUYUOHHBIX PAGHOBECUTl MO-
JIeKy/bl, NOCKOIbKY HAubonee cmadunbHulii KOHOpMeEp Modcem Omauuamovcsa om GHopmol ¢
HAUOOILWIUM CPOOCEOM K OUOMOIEKYIe TUO0 uoHy memanna. B nacmosaweii pabome oenpo-
MOHUPOBAHNBLIL 2UOPA3OH, NPOU3EOOHDLI NUPUOOKCANL-5-hochama u uzonuazudoa (PLP-INH?),
UCC1e006an Memooamu Keanmoeou xumuu. /[na 3mozo 2uopazona 803moxcHovl 3 pasiuuHbIX
eépawjenus, nPUBOOAUUX K 8 KoHopmepam, oonako 4 u3 HuUX, noayueHHvle NPpU 6PAULeHUU NU-
PUOUHO0B020 KONbUA OCMAMKA U3OHUA3UOA, A6NAIOMCA 6bIpoyHcOeHHbimu. C ucnonv3oeanuem
meopuu gyukyuonana naomunocmu (B3LYP/6-311++G(d,p)) ovinu onmumusuposanvt zeomem-
puuecKkue xXapaKkmepucmuKyu paziuydHbIX HEBbIPOHCOCHHBIX KOHQOpMeEpoes epauieHus O0aHHO20
2UOpa3zona (pPasnuuaouiuxca 63aUMHOI opueHmayueil KapooORUILHON ZPYRNbL OCHMAMKA U30HU-
azuoa u amoma Kuciaopooa ¢ nonoxcenuu 3 ocmamka PLP), a maksice oyenenst akmueayuon-
Hble dapvepbl nepexo006 mexcdy Humu. O0cyiHcOarvmcea usMeHeHUus 6 IHEPIUU U CIPOCHUU KOH-
opmepos, a maxce nepexoonvix cocmoanuii. Konuuecmeennwtit QTAIM (Quantum Theory of
Atoms in Molecules) ananu3z 6v11 npoeeden ¢ yenvio NPOGEPKU HAAUYUUA GHYMPUMOIEKYIAPHBIX
6000poonvix ceazeii. Dopmuvl 2udpazona, cnocoonvie 0OPA306LIEAMb KOMNIEKC C UOHAMU Me-
mannoe, omauuaiomca om Hauboaee ycmouuuevlx (o eeIUNUHAM NOTHOU IHep2ul) KOHPop-
mepos. bvina nposedena npedsapumenvnan oyeHKa 0U0102UYECKON AKMUBHOCHU 2UOPA3OHA
PLP-INH*, a maksice monexynapuuiii 0okunz ons zudpazona u kunazvl G-6e10Kk conpalceHnozo
peuenmopa. Onpedeniena npeonoYmMumenvHas KOHGopmayusa 011 CéA3bIGAHUA TU2AHOA C AK-
MUBHBIM CATIMOM KUHA3DL.

KiroueBsle cioBa: mupunokcanb-5-hochar, n30HUa3MI, TUAPA30H, KOHPOPMED, aKTHBAIIMOHHBIN Oaphep
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The hydrazones derived from pyridoxal or pyridoxal 5’-phosphate and heterocyclic hy-
drazides are of interest due to their potential biological activity and metal sensing properties.
These characteristics of hydrazones could be dependent on the conformation equilibria of mole-
cule since the most stable conformer could differ from the one with the highest affinity towards
biomolecule or metal ion. In the present contribution, deprotonated hydrazone formed by pyri-
doxal 5’-phosphate and isoniazid (PLP-INH*) was studied by means of quantum chemistry.
Three rotations leading to eight conformers are possible for this hydrazone; however, four of
those species obtained by rotation of pyridine ring of isoniazid residue are degenerated. The ge-
ometry of different non-degenerated rotation conformers of the hydrazine (differing by the mutu-
al arrangement of carbonyl group of the isoniazid residue and oxygen in 3’-site of PLP moiety)
was optimized using density functional theory (B3LYP/6-311++G(d,p)). Activation barriers were
evaluated. Changes in energy and geometry of conformers as well as transition states are dis-
cussed. Quantitative QTAIM (Quantum Theory of Atoms in Molecules) analysis was performed
in order to check the intermolecular hydrogen bonding existence. The species capable of forming
the complex with the metal ions differs from the most stable (according to the total energy values)
conformer. The preliminary prediction of biological activity of PLP-INH* hydrazone and the
docking for the hydrazone and G-protein-coupled receptor kinase were performed and the prefer-
able conformation for ligand binding to the kinase active site was found.
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hydrazone, the low-toxic chemical, which has been
found to possess the membranotropic [4], antioxidant
[5], demetalling towards iron [6], copper [7, 8] prop-
erties. PLP-INH hydrazone has been previously found

INTRODUCTION

Hydrazones of different composition and
structure are of great interest for researchers due to

the wide range of their possible applications. They
could be used in analytical chemistry as sensors for
anions and metal ions [1, 2], antibacterial and anti-
fungal agents [2, 3], catalysts [3], molecular machines
brakes and switches [1], which are sensitive to the
changes in pH and UV-irradiation. Hydrazone derived
from pyridoxal 5’-phosphate and isoniazid (PLP-
INH) is the closest analog of pyridoxal isonicotinoyl
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to bind cobalt(l1,111), nickel(Il) ions [9] as well as to
inhibit the copper(ll)-mediated oxidation of ascor-
bate [10].

Either coordination behavior or biological ac-
tivity of hydrazone may depend on the conformation
equilibria in the solution since the species may differ
significantly in total energy and capability of binding
the metal ions or biomolecules. Conformation free-
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dom for the studied hydrazone is associated with the
different molecular fragments ability to rotate around
single (or partially double) bonds (Fig. 1).

O
Fig. 1. Structure of PLP-INH® (DU conformer). Arrows show
possible rotations leading to the different conformers
Puc. 1. Crpykrypa PLP-INH®. Crpenku yka3plBaroT BO3MOYKHBIE
HaTpaBJICHHS BPAIICHUs, IPUBOSIIIE K pa3HBIM KOHPOpMEpaMm

The @3 rotation (Fig. 1) could possibly make
the same structure, however, it has to be confirmed.
Mutual arrangement of 12 oxygen in the site 3 of
pyridoxal 5’-phosphate residue and carbonyl group of
isoniazid residue relative to the conditional line
passing through the hydrazone molecule is used for
the different conformers naming (Fig. 1). For
example, in the scheme of the DU conformer (Fig. 1),
atom Og; is located below (D — down) the chain Cis-
N23-N24-C2s and atom Oy; is located above (U — up)
the chain. Other possible structures are DD, UD, UU.

Therefore, the aim of the present contribution
is to study the different conformers of PLP-INH
formed as a result of the rotation @1, @2, @3. Quantum
chemical calculations (DFT) were chosen as the method
of preliminar study since it would allow finding the
differences between conformers, which, in turn, could
help to chose the experimental method for further
investigations. The fully deprotonated hydrazone (PLP-
INH*") was studied only since these species could be
predominant in the biological fluids basing on the Ig
Ka values [11]. E-isomer has been considered only.

CALCULATIONS METHODS

The quantum chemical calculations were per-
formed using Gaussian09 software [12] within the
framework of density functional theory. The func-
tional of B3LYP and basis set of 6-311G++(d,p) [13]
were employed in order to optimize the geometry of
different PLP-INH?* species and transition states. The
suggested ground and transition states were verified
by frequency analysis after optimization. The solvent
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(water) was set within the framework of CPCM ap-
proach [14] in all cases. In order to study the internal
rotations @1, ¢2, @s, potential energy surface (PES)
scan was done using changing of dihedral angles Nas-
Ci13-C4-Cs (1), N23-N24-C26-O27 (¢2), N24-C26-C23-Coo
(3, Fig. 1) from -180° to 180° with the step of 10°.
Quantitative QTAIM (Quantum Theory of Atoms in
Molecules) analysis was performed using AIMAII
software package [15].

RESULTS AND DISCUSSION

The example of the pathway of the PLP resi-
due rotation (1) is given (Fig. 2). Relative values of
the dihedral N23-C13-C4-Cs in the transition states are
close to (+)100°. The PLP moiety in the DU(-33)
ground state could possibly freely oscillate in the
range of dihedral values of (-20°+20°) since the ener-
gy required for these variation do not exceed 2.5 kJ mol*
(KNAT, when T = 298.15 K).

AE, kJ/mol
30+

./a/.\- ./'\-\.
25 1 / \. ./ \
S S
= L /N
15
./// \ / \'\
10 UU(32) \ / UU(-32)
5- \.DU(—33).
i .\.\//
160 120 80 40 0 40 80 120 160

relative angle (N-C -C-C)),°

Fig. 2. Potential energy function of ¢ rotation in the PLP-INH*
hydrazone

Puc. 2. OyHKIms NOTEHIMATEHON SHEPTUH BPaIlleHHs (1 B THAPA30HE
PLP-INH*

AE, kJ/mol
10+

5 -\Dum)/ \DU(-33.>/.\1.)U(33) / \DU(-33)_
\ / \ SN/ \ /

04 \-/. b \(. 4
160 -120 -80 -40 O 40 80 120 160

angle (N24-C26-C28-C29),°

Fig. 3. Potential energy function of sz rotation in the PLP-INH*
hydrazone

Puc. 3. @yHxims NOTEHIMATBHON SHEPTUM BPALLEHH ()3 B THAPA30HE
PLP-INH*
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The rotation of pyridine residue of isoniazid
(p3) could occur via two different transition states.
The lesser one (ca. 2.5 kJ mol™?) is characterized by
relative angle of N2s-Cos-Cas-Cag close to 0°; pyridine
ring of INH moiety is almost perpendicular towards
the rest of the hydrazone molecule in the another one
(ca. 8.2 kJ mol™). Therefore, the preferable pathway
is through the planar transition state.

During the DU-DD and UU«~UD (¢2) rota-

ed. First, the inversion of partly sp® hybridized Nos
atom occurs. Another issue is the simultaneous ¢s
value alteration during scanning the ¢ dihedral angle.
Therefore, DU—DD and UU<UD processes path-
ways could probably include more than one transi-
tions state.

The results of quantum chemical calculations
including optimized geometries and total energies relat-
ed towards the most stable structure are given (Fig. 4).

tions, the search for the transition states is complicat-

L,
7
V*\ UU(-32)
vt‘\ 11. 40kJ/m01
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13.75 kJ/mol
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\f j{j‘ DD(-48)
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<
Fig. 4. Conformation equilibria of PLP-INH? hydrazone. Energies of ground states (bold) and changes in total energies of activations of
the transfer between species (TS, italic) are related towards the most stable conformer

Puc. 4. Kondopmaimonnsie pasHoBecus ruapazona PLP-INH®". DHepruy ocHOBHBIX cOCTOSIHMIA (TOMTYKUPHBIHA) U H3MEHEHHS TTOTHOH
9HEPTUH aKTHUBALUHN KOHPOpMAIMOHHBIX Mepexo1oB (TS, KypcuB) mprBeeHBI IO OTHOIICHUIO K HanboJiee yCTOHINBOMY KOHPOpMEpPY

Table
Key parameters of the different conformers of PLP-INH?* hydrazone
Tabnuya 1. OcHOBHBIE IAPAMeTPbl Pa3IM4YHLIX KOH(opMepoB ruapasona PLP-INH*

Parameter DU (-33) | DU(33) | UU(-32) uuU (32) DD (-48) | DD (42) ub
AE* (kJ mol?) 0.19 0.00 11.40 11.41 8.20 9.81 17.19
AG* (kJ mol?) 0.00 1.07 11.04 11.12 5.85 11.52 19.43

Bond lengths, A
C4-Cus 1.443 1.443 1.444 1.444 1.445 1.444 1.445
Ci3-Nzs 1.295 1.295 1.297 1.297 1.294 1.295 1.294
N23-N24 1.376 1.376 1.378 1.378 1.382 1.383 1.370
N24-Czs 1.360 1.360 1.359 1.359 1.356 1.357 1.361
C26-O27 1.229 1.229 1.230 1.230 1.235 1.236 1.238
C26-Cas 1.506 1.506 1.506 1.506 1.502 1.501 1.511
Dihedral angles,®
01 -179.0 -179.5 -0.2 -0.7 170.3 172.3 0
02 179.0 -178.2 178.6 -178.3 -11.6 8.6 -180.0
03 -33.0 325 -32.2 32.3 -47.8 42.0 0

* - related towards the total or free energy of the most stable conformer
* - 10 OTHOLICHHMIO K MOJIHOH JIMO0 CBOOOIHOI SHEpruu Hanbosee yCcToHUYMBOro KOHpopMepa
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DU species (see Fig. 1 for naming principle) are
the most stable among all possible ones. The mole-
cule of DU form is non-planar due to the steric repul-
sion between hydrogens of pyridine ring of isoniazid
residue (Hss) and —NH- group (Hzs). Therefore, two
stable structures are possible differing by ¢s value;
they are marked as DU(¢3) (See Fig. 4). These species
are equal in energy; the geometry of the molecular
fragment between two pyridine moieties is also the
same (Table 1). Activation barrier of DU(-33)«—DU(33)
transition is low (AE = ~2.5 kJ/mol) allowing quick
exchange.

Analogously, UU species are also capable of
forming two structures with different @3 value. The
rotation of the PLP residue around Cs-Ci3 bond (con-
formational transition DU—UU) leads to the decreas-
ing of the distance between methylene and —CH=
group protons (4.0 A vs. 2.2 A) which could be re-
sponsible for the slightly increased total energy com-
pared with DU structures. Geometry parameters of the
hydrazone central fragment differ insignificantly in
the DU and UU species (Table 1).

Activation barrier for the UU(-32)«UU(32)
transition is similar to that of DU ¢3 rotation since
both cases the molecule goes through the planar struc-
ture with the same distance between protons of pyri-
dine residue and —NH- group (1.953 A).

In the DD species, pyridine ring of isoniazid
residue is close to the methylene phosphate moiety of
PLP fragment. It results in more strong steric repul-
sion and, thus, bigger non-planar distortion (|@s[>40°).
Besides, due to the fact that —-CH»- group does not lie
exactly within the same plane with pyridine residue of
pyridoxal 5’-phosphate, the conformers differing by
@3 value become non-equivalent energetically in rela-
tively significant degree (AE 8.20 vs. 9.81; AG 5.85
vs. 11.52 kJ mol™). It also increases the rotation barri-
er of the DD(-48)«>DD(42) transition, since the angle
C26-C28-Ca9 has to be increased in the transition state
compared with ground states (~126.0 vs. ~123.0).

The DD species geometry of the central part
of hydrazone molecules changes somewhat more signifi-
cantly (Table 1, compare DU and UU vs. DU and DD).

Finally, UD structure is the least stable among
all studied species and form no conformers due to @3
rotation. Though planar, it is not completely free from
steric hindrance. The interaction between methylene
and —CH= as well as -CH= and —NH- protons could
probably increase its total and free energy (see Table
1). The shortening of the N23-N24 bond as well as the
lengthening of the Cz-Cos bond are notable changes
in the geometry of hydrazone comparing with DU
structures (Table 1). According AIM calculations the

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2018. V. 61. N 12

A.E. Tloronun, I'.A. 'amos, M.H. 3aBanumun, B.A. Hlapaun

charge q(Hss) in UD structure is increased as com-
pared with other conformers (UD>DD>UU=DU:
+0.15—+0.07— +0.05—+0.05). In case of UD con-
former we found the bond critical points (BCPs) cor-
responding to hydrogen bonds Nas---Hss and
Oa12---Hza. The values of electron density p(r) in BCPs
are 0.022 (N2s---Hszs4) and 0.010 (O12---Has) a.u. The
values of Laplacian of electron density Vp(r) are
0.081 (N23'--Hzs) and 0.033 (O12'--Has) a.u. For hy-
drogen bonds values of p(r) and Vp(r) in BCP should
lie in the range from 0.002 to 0.035 a.u. and from
0.024 t0 0.139 a.u., respectively [16].

The transitions between @1 and ¢, conformers
could be concluded to occur relatively fast since the
values of rotation barriers are low (20-30 kJ mol™).
The barriers of @z rotations do not exceed 10 kJ mol ™.

The analysis of conformational behavior of
hydrazones is related to their coordination properties.
The X-ray diffraction study of Cu(ll) and Fe(lll)
complexes with pyridoxal isonicotinoyl hydrazone
ans 2-hydroxy-1-naphtaldehyde isonicotinoyl hydra-
zone [7] have shown these ligands to be tridentate.
They interact with metal ions through the oxygen at-
oms of carbonyl and hydroxyl groups as well as ni-
trogen of -CH=N- group. The complexes of ML and
ML, composition could be formed this way.

Therefore, all the groups coordinating the
metal ion should be oriented ‘up’ in order to make the
complex formation possible. Among the studied con-
formers, the UU species are the only ones capable of
metal binding. However, they are relatively unstable
structures in the solution as it follows from the total
energies calculations (Fig. 2). Thus, the PLP-INH*
hydrazone should exist predominantly as a mixture of
DU species in the solution. There are the costs of the
energy required for the DU—UU transition. Altera-
tion of the aromatic substituents structure on either
end of central chain (Ci3-N23-N24-Cz6) may reduce or
increase the contribution of conformation change and,
thus, influence the stability of metal-hydrazone complex.

The studies on the conformational behavior of
the hydrazone relate also to its binding ability towards
the protein molecule. The preliminary prediction of
biological activity of PLP-INH hydrazone performed
using PASS Online [17, 18] has shown it being the
potential inhibitor of the G-protein-coupled receptor
kinase (GRK) inhibitor with P, = 0.975; P; = 0.001
(Pa — probability of being active, Pi — probability of
being inactive). This property of hydrazone is important
since the inhibition of adrenergic receptors kinase is
recognized by some authors as promising strategy of
heart failure treatment [19]. The 4-pyridinyl hydra-
zone moiety is known to act by competitive inhibition
of ATP, binding to the kinase active site [20].
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In order to figure out, which conformation
could probably exist in the complex with protein, we
have performed docking using the optimized geome-
tries of different conformers of hydrazone (as ligand)
and crystal structure of GRK (as macromolecule) tak-
en from [20] as input data. The scanning area was set
to include the following amino acids residues,
Phe202, Lys220, Asp335, and Met274 since they are
the part of the kinase active site [20]. The AutoDock
Vina software was used for docking [21].

The results are similar for all seven initial
conformers. Each of them can form nine binding
modes with the binding affinity varying within the
range of (-32)+(-27) kJ mol™. The calculated structure
of the most stable complex is given (Fig. 5).

Phe202

Asp335

Fig. 5. Calculated structure of the complex of PLP-INH? hydrazone
and active site of GRK2
Puc. 5. PacueTHas CTpyKTypa KoMIulekca ruapasona PLP-INH®
" akTuBHOTO caiita GRK2

The hydrazone mode with the most binding
affinity (Fig. 5) is close to the UU conformer. How-
ever, it is additionally twisted as it is follows from the
dihedral angles values of this conformer (¢; = 101.8°;
Q2 = 25.4°%; @3 = -29.6°) when compared to those of
UU (Table 1). The ligand could be also concluded to
be too short to bind efficiently, since the distances
between PLP-INH* and Met274 and Phe202 are
about 4 A. Probably, spacers insertion is in order.

CONCLUSIONS

The geometry of different conformers of the
hydrazone derived from pyridoxal 5’-phosphate and
isoniazid was optimized by means of quantum chemi-
cal calculations (DFT, B3LYP/6-311++G(d,p)). Con-
formers differ one from another by the dihedral angles
values of N23-C13-C4-C5, N23-N24-Co6-0>7 and N24-Coe-
Ca8-C29. Most of the studied species, except for UD
structure, are non-planar due to the steric repulsion
between hydrogen atoms of methylene, methyne or —
NH- groups. The stability of conformers evaluated
from their total energy values decreases in the follow-
ing sequence: DU>DD(-48)> DD(42)>UU>UD.

The transitional states geometry referring to
the @1, @2, @3 rotation was optimized as well and the
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values of activation barriers were estimated. The
conformation equilibria are fast since the largest AG*
does not exceed 30 kJ mol™.

The most stable conformer is incapable of
complexating the metal ions. The positive change in
the total energy between it and the species forming
the complex (namely, UU) contributes into the
complexation thermodynamics.

The docking performed for PLP-INH*
hydrazone and G-protein-coupled receptor kinase
revealed that the conformation of ligand bound to the
active site is close to UU. However, it is additionally
twisted in relation to the UU conformer, e.g. in terms
of o1 dihedral angle values (101.8° vs. ~0-1°).
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