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A B S T R A C T   

We report in silico studies of pyridoxal, which is of interest both as a precursor for further functionalization due 
to the presence of the aldehyde functionality, as well as a bioactive compound. So far, the crystal structure of 
pyridoxal has not been reported and, thus, we have optimized its structure both under water solvation and in gas 
phase using the DFT calculations. Under water solvation conditions the optimized structure of pyridoxal is 7.62 
kcal/mol more favorable in comparison to that in gas phase. The DFT calculations were also applied to verify 
optical and electronic properties of the optimized structure of pyridoxal in water. The HOMO and LUMO were 
revealed to subtract a set of descriptors of the so-called global chemical reactivity as well as to probe pyridoxal as 
a potential corrosion inhibitor for some important metals used in implants. The title compound exhibits the best 
electron charge transfer from the molecule to the surface of Ni and Co. Some biological properties of pyridoxal 
were evaluated using the respective on-line tools. Molecular docking was additionally applied to study inter-
action of pyridoxal with some SARS-CoV-2 proteins as well as one of the monkeypox proteins. It was established 
that the title compound is active against all the applied proteins with the most efficient interaction with 
nonstructural protein 15 (endoribonuclease) and Omicron Spike protein of SARS-CoV-2. Pyridoxal was found to 
be also active against the studied monkeypox protein. Interaction of pyridoxal with nonstructural protein 15 
(endoribonuclease) was further studied using molecular dynamics simulation.   

1. Introduction 

One of the key components of modern strategies to design drugs is 
heterocycles. Nowadays, main active components containing heterocy-
cles with nitrogen, oxygen and sulfur atoms comprise about 80% of all 
drugs [1,2]. The pyridine-based compounds are of particular interest 
since they can posses a rich structural variety and demonstrate activity 
against diseases. Incorporation of substituents in the heterocyclic core is 
a powerfull tool to vary their biological activity [3–6]. An additional 
interest in the pyridine-based derivatives as medicines is currently due 
to the formation of covalent bonds with amino acid residues of proteins. 
This allows to use them for covalent inhibition of bacterial and viral 
proteins. Particularly, the pyridine derivatives are known to be 

pronounced cysteine protease inhibitors [7,8]. 
These days, the antiviral activity of the pyridine-based derivatives is 

also due to the SARS-CoV-2 coronavirus pandemic, which was 
announced by the World Health Organization (WHO) in March 2020. 
Unfortunately, about 755 million infections and more than 6.83 million 
deaths were reveled to date (middle of February 2023) [9]. Further-
more, new strains complicate the situation with COVID-19. To be said, 
that the newest agents for COVID-19 therapy are also constructed from 
the pyridine rings [10]. 

We have also been continuously interested in the chemistry of 
nitrogen-containing six-membered rings [11–18] as well as in compu-
tational analyses of compounds with the biological activity [19–29]. In 
the present work, we have focused on 3-hydroxy-5-(hydroxy 
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methyl)-2-methylisonicotinaldehyde (pyridoxal) (Fig. 1), which is 
known as one form of vitamin B6 and is a forerunner of the Great 
Oxidation Event [30]. Pyridoxal was first synthesized in 1944 by Carl 
August Folkers, who also played a key role in determining its structure 
[31]. Furthermore, pyridoxal, which is a pyridine-based molecule, 
contains an aldehyde functionality as well as the hydroxyl group in the 
ortho-position, thus being a close analogue of salicylaldehyde. Notably, 
salicylaldehyde derived Schiff bases are of great interest and importance 
due to the ortho-OH group, bringing the imine and hydroxyl 

functionalities in close proximity, leading to a possible enol–keto tau-
tomerization [32–39]. As a result, salicylaldehyde derived Schiff bases 
exhibit rich colour panel due to adopting different tautomeric forms. 
Thus, pyridoxal is an important precursor for an intriguing class of Schiff 
bases. 

A comprehesive search through the Cambridge Structural Database 
(CSD) [40] did not reveal crystal structures for pyridoxal. However, the 
CSD contains a crystal structure of the hydrochloride salt of pyridoxal 
with the protonated pyridine ring [41]. Thus, it is of importance to 
reveal some structural features of pyridoxal. As such, we have performed 
the DFT-based computational studies to probe the most favorable 
structure of the title compound as well as to examine its electronic, 
optical, magnetic, reactivity and corrosion inhibition properties. Addi-
tionally, interaction of pyridoxal with some SARS-CoV-2 proteins and 
A42R Profilin-like protein from monkeypox was examined using mo-
lecular docking. Interaction of pyridoxal with nonstructural protein 15 
(endoribonuclease) was further probed using the molecular dynamics 
simulation. 

2. Experimental 

2.1. DFT calculations 

The optimized geometry of pyridoxal as well as vibration fre-
quencies, nonlinear optical properties, highest occupied and lowest 
unoccupied molecular orbital (HOMO and LUMO, respectively) sur-
faces, and molecular electrostatic potential (MEP) surface were calcu-
lated without symmetry restrictions in water and gas phase with the 
GaussView 6.0 molecular visualization program [42] and Gaussian 09, 
Revision D.01 program package [43] using the DFT/B3LYP hybrid 
functional [44,45] and 6–311++G(d,p) [44,46] basis set. The Polariz-
able Continuum Model using the integral equation formalism variant 
(IEFPCM) was applied for calculations in water. The absorption and 1H 
NMR spectra were simulated at the TD-DFT/B3LYP/6–311++G(d,p) 
and GIAO/B3LYP/6–311++G(2d,p) levels, respectively. The 
density-of-states (DOS) plot was calculated using the GaussSum 3.0 
software [47,48]. 

2.2. Molecular docking 

The optimized structure of pyridoxal in water was used for molecular 
docking studies with the applied SARS-CoV-2 proteins and A42R 
profilin-like protein from monkeypox virus Zaire-96-I-16 using Auto-
Dock Vina [49,50]. The structures of proteins were subtracted from the 
RCSB PDB database [51], and were pretreated before docking, including 
water removing and inserting hydrogen atoms and missing residues and 
charges. The lowest binding energy conformers and 2D interactions 
were filtered from 10 top ranked poses. BIOVIA Discovery Studio 2020 
[52] was utilized for visualization of the docked conformations and 3D 
target-ligand interactions. 

2.3. In silico drug-likeness analysis 

The SwissADME [53,54], BOILED-Egg [55] and ProTox-II [56,57] 
tools were applied to sudy ADMET properties of pyridoxal. 

2.4. Molecular dynamics simulation 

Molecular dynamics (MD) simulations of the pyridoxal complex with 
nonstructural protein 15 (endoribonuclease) were performed using a 
GROMACS-2020 software package (GNU, General Public License) [58]. 

Fig. 1. Diagram of pyridoxal.  

Table 1 
Thermodynamic parameters of the optimized structure of pyridoxal in water, 
obtained using the DFT/B3LYP/6–311++G(d,p) method.  

Self-consistent field energy (a.u.) − 590.868 
Total energy (thermal) (kcal mol− 1) 109.002 
Electronic energy (thermal) (kcal mol− 1) 0.000 
Translational energy (thermal) (kcal mol− 1) 0.889 
Rotational energy (thermal) (kcal mol− 1) 0.889 
Vibrational energy (thermal) (kcal mol− 1) 107.224 
Total heat capacity (thermal) (cal mol− 1 K− 1) 42.152 
Electronic heat capacity (thermal) (cal mol− 1 K− 1) 0.000 
Translational heat capacity (thermal) (cal mol− 1 K− 1) 2.981 
Rotational heat capacity (thermal) (cal mol− 1 K− 1) 2.981 
Vibrational heat capacity (thermal) (cal mol− 1 K− 1) 36.191 
Total entropy (thermal) (cal mol− 1 K− 1) 103.838 
Electronic entropy (thermal) (cal mol− 1 K− 1) 0.000 
Translational entropy (thermal) (cal mol− 1 K− 1) 41.248 
Rotational entropy (thermal) (cal mol− 1 K− 1) 30.688 
Vibrational entropy (thermal) (cal mol− 1 K− 1) 31.902 
Zero-point vibrational energy (thermal) (kcal mol− 1) 101.880 
Rotational constants (GHz): 

A 1.32151 
B 0.83224 
C 0.53085  
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Parameters such as root mean square deviation (RMSD), root mean 
square fluctuation (RMSF), radius of gyration (Rg), solvent accessible 
surface area (SASA) and intermolecular hydrogen bonds were evaluated. 
The related complex was prepared for MD using the CHARMm36 force 
field and equilibrated using the canonical (NVT) and isothermal-isobaric 
(NPT) ensembles. Transferable intermolecular potential with a 
three-points TIP3P was chosen to simulate MD in explicit solvation. The 
MD simulations were performed in the presence 0.15 M NaCl using the 
constant temperature (310 K) and pressure (1.0 bar). Approximate 
number of frames per simulation was 1000. The simulation time was set 
to 100 ns Trajectories were analyzed using the GROMACS tools. 

3. Results and discussion 

The structure of pyridoxal was examined using the DFT/B3LYP/ 
6–311++G(d,p) method both in gas phase and water at 298.15 K. Cal-
culations in water were performed as for the medium for physiological 
processes. 

According to the DFT results, it was established that although the 
optimized structure of pyridoxal adopts almost the same geometry both 
in gas phase and in water, the optimized structure of pyridoxal is 7.62 
kcal/mol more favorable under water solvation conditions in compari-
son to gas phase (Fig. 1). For the sake of brevity, we have further focused 
on the DFT results obtained for pyridoxal in water. 

The calculated energies and thermodynamic parameters of pyridoxal 
in water are given in Table 1. The calculated C–C bond lengths within 
the pyridine ring vary from 1.384 Å to 1.418 Å, while the C–N bonds 
vary from 1.327 Å to 1.347 Å (Table 2). The exocyclic C–C bonds, 
formed with the methyl and methylene carbon atoms, are remarkably 
longer, and of 1.502 Å and 1.507 Å, respectively. However, the C–C 
bond, formed with the carbonyl carbon atom, is somewhat shorter 
(1.464 Å) due to conjugation of the carbonyl and pyridine π-systems. 
The C–O bond length of the carbonyl fragment is 1.231 Å, while the 
same bond formed by the methylene carbon atom is 1.437 Å, clearly 

Table 2 
Selected bond lengths (Å), bond and dihedral angles (◦) in the optimized structure of pyridoxal, obtained using the DFT/B3LYP/6–311++G(d,p) method.  

Bond length 

C1–C2 1.418 C1–C6 1.502 C5–N 1.347 
C2–C3 1.408 C3–C8 1.464 C2–O2 1.343 
C3–C4 1.416 C4–C7 1.507 C7–O1 1.437 
C4–C5 1.384 C1–N 1.327 C8–O3 1.231 
Bond angle 
C1–C2–C3 119.59 C4–C3–C8 121.94 C1–C2–O2 117.75 
C2–C1–C6 120.06 C5–C4–C7 119.92 C3–C2–O2 122.66 
C2–C3–C4 118.40 C2–C1–N 120.71 C3–C8–O3 123.14 
C2–C3–C8 119.66 C4–C5–N 123.92 C4–C7–O1 108.73 
C3–C4–C5 117.45 C6–C1–N 119.23 C1–N–C5 119.92 
C3–C4–C7 122.63     
Dihedral angle 
C1–C2–C3–C4 − 0.37 C3–C2–C1–N 0.27 C5–C4–C7–O1 − 115.51 
C1–C2–C3–C8 179.12 C3–C4–C5–N 0.31 C6–C1–C2–O2 − 0.01 
C2–C3–C4–C5 0.10 C7–C4–C5–N − 179.93 C8–C3–C2–O2 − 0.73 
C2–C3–C4–C7 − 179.66 C2–C3–C8–O3 1.16 C2–C1–N–C5 0.12 
C3–C2–C1–C6 − 179.86 C3–C4–C7–O1 64.24 C4–C5–N–C1 − 0.43 
C5–C4–C3–C8 − 179.38 C4–C3–C2–O2 179.78 C6–C1–N–C5 − 179.74 
C7–C4–C3–C8 0.86 C4–C3–C8–O3 − 179.36 N–C1–C2–O2 − 179.88  

Fig. 2. Optimized structure of pyridoxal in water, obtained using the DFT/ 
B3LYP/6–311++G(d,p) method. 

Table 3 
Hydrogen bond lengths (Å) and angles (◦), and aromaticity indexes of the pyridine and six-membered non-covalent rings in the optimized structure of pyridoxal in 
water, obtained using the DFT/B3LYP/6–311++G(d,p) method.  

O–H⋯O d(O–H) d(H⋯O) d(O⋯O) ∠(OHO) Aromaticity index 

pyridine non-covalent ring 

O2–H2⋯O3 0.986 1.731 2.606 145.92 0.967 0.753  
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indicating their double bond and single bond nature, respectively. 
Interestingly, the C–O bond formed by one of the pyridine carbon atoms 
is 1.343 Å due to partial double bond character. The bond angles formed 
by the pyridine atoms and carbonyl carbon atom vary from 117.45◦ to 
123.92◦, indicating their sp2-hybridization, while the bond angle formed 
around the methylene carbon atom is 108.73◦, which is typical for sp3- 
hybridization (Table 2). As evidenced from the corresponding dihedral 
angles between the non-hydrogen atoms (Table 2), the structure of 
pyridoxal is planar with the C–O group, formed by the methylene carbon 
atom, being remarkably deviated (Fig. 2). 

Notably, the optimized molecule of pyridoxal is stabilized by the 
hydrogen bond O2–H2⋯O3 with the formation of a six-membered 
pseudoaromatic ring (Fig. 2, Table 3) due to conjugation effects [59]. 
This leads to the so-called resonance-assisted hydrogen bonding [60]. 
We have calculated the aromaticity index for both the pyridine and 
hydrogen bonded rings of pyridoxal using the HOMHED approach [60], 
which revealed values of 0.753 and 0.967, respectively. Notably, the 
former value is very similar to those of furans and (is)oxazoles [60]. 

Analysis of the Mulliken atomic charges in the optimized structure of 
pyridoxal revelead that all the hydrogen atoms are positively charged 

Fig. 3. Mulliken atomic charges in the optimized structure of pyridoxal in water, obtained using the DFT/B3LYP/6–311++G(d,p) method (see Fig. 2 for 
atoms labelling). 

Fig. 4. The calculated IR (black) and Raman (red) spectra of pyridoxal in water, obtained using the DFT/B3LYP/6–311++G(d,p) method. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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with the highest values corresponding to the hydroxyl and aldehyde 
hydrogen atoms (Fig. 3). Of non-hydrogen atoms, the C2 and C3 carbon 
atoms are exclusively positively charged, while the charge of the pyri-
dine nitrogen atom is almost zero (Fig. 3). The C1, C5 and C6 carbon 
atoms are the most negatively charged atoms in the discussed structure 
(Fig. 3). Finally, all the oxygen atoms are also negatively charged 
(Fig. 3). 

Vibrational analysis revealed 57 normal modes in the IR and Raman 
spectra, exclusively with positive wavenumbers, since the molecule of 
pyridoxal is constructed from 21 atoms (Fig. 4). Both spectra exhibit two 
bands at 3373 and 3814 cm− 1, corresponding to the stretching modes of 
the O2–H2 and O1–H1 groups, respectively (Fig. 4). The spectra also 
contain a set of bands at 2960–3200 cm− 1 for the C–H stretching. The 
carbonyl functionality was shown as an intense band at 1683 cm− 1. 

According to the DFT calculations, the energies of the HOMO and 
LUMO for the optimized structure of pyridoxal in water are − 6.86244 
and − 2.74617 eV, respectively, with the HOMO–LUMO energy gap of 
4.11627 eV (Table 4). The HOMO is spread over the whole molecule 
except for the N, H1, H3, H9 and C7–H6 fragments (Fig. 5). The LUMO is 
also distributed almost the whole molecule except for the methyl and 
methylene fragments, H1, H2 and H8 atoms (Fig. 5). The density-of- 
states (DOS) plot of the optimized structure of pyridoxal in water is 
shown in Fig. 6. 

The HOMO and LUMO values are of importance to estimate corro-
sion inhibition properties of a compound [61–65]. This becomes even 
more crucial considering metal-based biomedical implants [66–68]. In 
this work we have also probed potential corrosion inhibition properties 
of the optimized structure of pyridoxal in water towards a series of 
metals, which are prominent components of biomedical implants 
(Table 4) [68]. As such, we have used the most reliable equation, which 
includes the so-called work function (Ф) [69], to calculate electron carge 
transfer (Table 4) [65]. According to the obtained results, it was 

revealed electron charge transfer from pyridoxal to the surface of Ni and 
Co (Table 4). Total negative charge (TNC) value is a parameter to 
indicate an adsorption of a molecule-inhibitor onto a metal surface and 
defined as a sum of negative Mulliken charges of atoms. As lower the 
absolute value of TNC as better a molecule will donate electrons to the 
metal surface, thus exhibiting better corrosion inhibition efficienct. For 
pyridoxal, the TNC value is about − 3.54 electrons (Table 4). 

We have also examined the molecular electrostatic potential (MEP) 
surface of the optimized structure of pyridoxal in water to reveal 
nucleophilic and electrophilic regions of a molecule. As a result, oxygen 
and nitrogen atoms were established to be the most distinguished 
nucleophilic stes (red colour), while the three hydrogen atoms of the 
CH2OH group were highlighted as the most pronounced electrophilic 

Table 4 
Frontier molecular orbitals, gap value, descriptors and charge transfer param-
eters for the optimized structure of pyridoxal in water, obtained using the DFT/ 
B3LYP/6–311++G(d,p) method.  

EHOMO (eV) − 6.86244 
ELUMO (eV) − 2.74617 
ΔELUMO – HOMO = ELUMO – EHOMO (eV) 4.11627 
Ionization energy, I = –EHOMO (eV) 6.86244 
Electron affinity, A = –ELUMO (eV) 2.74617 
Electronegativity, χ = (I + A)/2 (eV) 4.80431 
Chemical potential, μ = –χ (eV) − 4.80431 
Global chemical hardness, η = (I – A)/2 (eV) 2.05814 
Global chemical softness, S = 1/(2η) (eV− 1) 0.24294 
Global electrophilicity index, ω = μ2/(2η) (eV) 5.60735 
Maximum additional electric charge, ΔNmax = –μ/ƞ 2.33430 
Molecule-to-metal electron charge transfer, ΔN1 = (Ф – χ)/η: 

Ti − 0.23 
Fe − 0.15 
Zr − 0.37 
Co 0.10 
Cu − 0.07 
Cr − 0.15 
Ni 0.17 
Mn − 0.34 
Mo − 0.10 
Zn − 0.23 
Al − 0.25 
W − 0.12 
Ag − 0.26 

Total negative charge, TNC (e) − 3.53781  

Fig. 5. The HOMO and LUMO isosurfaces of the ground state of the optimized 
structure of pyridoxal in water, obtained using the DFT/B3LYP/6–311++G(d, 
p) method. 
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sites (blue colour) (Fig. 7). 
The theoretical absorption spectrum of the optimized structure of 

pyridoxal in water contains an intense narrow band at 175 nm, 
accompanied with a broad band of about half intensity at ~215 nm, and 
a low intense broad band at 345 nm (Fig. 8). The main transitions 
responsible for the observed bands are given in Table 5. 

According to the ionization potential and the electron affinity value, 
the optimized structure of pyridoxal in water exhibits moderate 
electron-donor and good electron-acceptor properties (Table 4) [70]. 
Further, as evidenced from the relatively low electronegativity value, 

pyridoxal is a good electron attractor, which is additionally supported 
by the corresponding chemical potential value (Table 4). Values of the 
chemical hardness and chemical softness indicate that the optimized 
structure of pyridoxal in water tends to exchange its electron cloud with 
surrounding environment (Table 4) [70]. The electrophilicity index 
value of the pyridoxal molecule is of about 5.61 eV, which is in the range 
for strong electrophiles [70,71]. The corresponding ΔNmax value indi-
cate that pyridoxal can accept about 2.33 electrons (Table 4). 

The calculated 1H NMR spectrum (Table 6) of the reported structure 
contains signals for the methyl and methylene hydrogen atoms at 
2.34–2.67 and 4.72–5.37 ppm, respectively, while the signals for the 
pyridine and aldehyde protons were calculated at 8.22 and 10.81 ppm, 
respectively. Finally, the signal for the CH2OH hydroxyl hydrogen atom 
was shown at 1.33 ppm, while the signal of the hydrogen atom of the 
other hydroxyl group was revealed at 12.11 ppm. 

In this work, we have also probed the optimized structure of pyri-
doxal in water for its potential NLO properties. Firstly, the calculated 
dipole moment was found 4.7292 Debye with the μx component being 
the main contributor, followed by the μz and μy components, respec-
tively (Table 7). Notably, polarizability (α) and first-order hyper-
polarizability (β) values for pyridoxal were calculated to be about 6.1 
and 4.0 times higher compared to the same parameters for urea 
(Table 7). The latter compound is considered as a reference for com-
parison of the NLO properties of molecules [72]. 

According to the SwissADME [53,54] bioavailability radar and 
ProTox-II [56,57], pyridoxal is favoured in all the considered six pa-
rameters and is attributed to a fourth class of toxicity (Fig. 9). Further, 
one of the efficient approaches to examine molecues for the human 
blood-brain barrier (BBB) penetration and gastrointestinal absorption 
(GIA) is the BOILED-Egg method, which is derived from lipohilicity and 
polarity (Fig. 9) [55]. As such, points in the Egg’s yolk and white 
correspond to molecules, which were predicted to passively permeate 
through the BBB and passively absorbed by the gastrointestinal tract, 
respectively. Furthermore, molecules found to be effluated (PGP+) and 
not to be effluated (PGP–) from the central nervous system by the 
P-glycoprotein are shown as blue and red dots, respectively. Thus, 
pyridoxal was predicted to possess negative BBB penetration and 

Fig. 6. The DOS plot for the ground state of the optimized structure of pyridoxal in water, obtained using the DFT/B3LYP/6–311++G(d,p) method.  

Fig. 7. View of the molecular electrostatic potential surface of the ground state 
of the optimized structure of pyridoxal in water, obtained using the DFT/ 
B3LYP/6–311++G(d,p) method. 
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positive GIA property with the PGP– effect (Fig. 9). Additionally, as 
evidenced from the Toxicity Model Report, pyridoxal was revealed to be 
nontotoxic (Fig. 9). 

Finally, pyridoxal was examined as a potentional inhibitor toward a 
set of SARS-CoV-2 proteins (Table 8) using in silico molecular docking. 
Nowadays, this method is popular to probe interaction of a biomolecule 
with a ligand (small molecule) to design and discover new drugs 
[73–75], thus being efficient to save time and money. 

According to the docking analysis results, pyridoxal was found to be 

active against all the applied SARS-CoV-2 proteins with the best binding 
affinity with nonstructural protein 15 (endoribonuclease) (Fig. 10, 
Table 8). Complex of pyridoxal with this protein is defined by four 
conventional hydrogen bonds with LYS71, ASP297, ASP273 and 
SER274; two carbon hydrogen bonds with SER274 and THR275; and 
one π⋯alkyl interacion with LYS277 (Fig. 10, Table 8). The title com-
pound also interacts with Omicron Spike protein with even a bettter 
binding affinity (Table 8) through three conventional hydrogen bonds 
with LEU998, GLN1002 and GLY996; one carbon hydrogen bond with 
SER1000; and one π⋯π stacked interaction with PHE756 (Fig. 10, 
Table 9). 

Nowadays, besides the COVID-19 pandemic, the other infectious 
viral disease, namely monkeypox, is continuously rising [76]. With this 
in mind, we have also probed pyridoxal as a potential inhibitor towards 
one of the monkeypox protein, viz. A42R Profilin-like protein from 
monkeypox (strain Zaire-96-I-16). According to the docking analysis 
results, pyridoxal was found to be also active against this protein 
(Table 8). Complexation of the ligand with the monkeypox protein is 
characterized by three conventional hydrogen bonds with ARG115, 
ARG122 and ASP123; one π⋯π T-shaped interaction with TYR118; and 
one π⋯alkyl interaction with ARG119 (Fig. 10, Table 9). 

Fig. 8. The theoretical absorption spectrum of the optimized structure of pyridoxal in water, obtained using the TD-DFT/B3LYP/6–311++G(d,p) method.  

Table 5 
Selected values for the theoretical absorption spectrum (Fig. 8) for the optimized structure of pyridoxal in water, obtained using the TD-DFT/B3LYP/6–311++G(d,p) 
method.  

λmax (nm) Osc. strength Transition λmax (nm) Osc. strength Transition 

351.67 0.0219 HOMO–1 → LUMO (68.5%) 180.39 0.1359 HOMO–7 → LUMO (13.3%)   
HOMO → LUMO (22.5%)   HOMO–6 → LUMO (9.6%) 

344.53 0.0930 HOMO–1 → LUMO (20.2%)   HOMO–4 → LUMO+1 (13.3%)   
HOMO → LUMO (75.1%)   HOMO → LUMO+6 (25.4%) 

274.92 0.0240 HOMO–4 → LUMO (15.0%)   HOMO → LUMO+7 (9.3%)   
HOMO–2 → LUMO (75.9%) 176.97 0.0832 HOMO–3 → LUMO+2 (10.0%) 

241.96 0.1388 HOMO–4 → LUMO (71.2%)   HOMO–1 → LUMO+5 (69.0%)   
HOMO–3 → LUMO (14.8%) 174.90 0.1631 HOMO–7 → LUMO (14.2%) 

218.60 0.2193 HOMO → LUMO+1 (80.8%)   HOMO–6 → LUMO (19.0%) 
203.80 0.1149 HOMO–2 → LUMO+1 (19.8%)   HOMO–4 → LUMO+1 (14.4%)   

HOMO → LUMO+3 (51.8%)   HOMO → LUMO+8 (15.0%)   
HOMO → LUMO+4 (11.8%) 169.01 0.0480 HOMO–2 → LUMO+4 (23.4%) 

196.13 0.0743 HOMO–3 → LUMO+1 (19.4%)   HOMO → LUMO+9 (22.9%)   
HOMO–2 → LUMO+1 (47.4%)   HOMO → LUMO+10 (20.5%)   
HOMO–1 → LUMO+3 (12.4%) 166.37 0.0937 HOMO–9 → LUMO (79.8%) 

183.73 0.0852 HOMO–4 → LUMO+1 (22.6%)      
HOMO → LUMO+6 (56.8%)     

Table 6 
Signals for the calculated 1H NMR spectrum of the ground state of the optimized 
structure of pyridoxal in water, obtained using the DFT/GIAO/B3LYP/ 
6–311++G(2d,p) method (see Fig. 2 for atoms labelling).  

δ (ppm) Hydrogen δ (ppm) Hydrogen 

1.33 H1 5.37 H7 
2.34 H3 8.22 H8 
2.67 H4 + H5 10.81 H9 
4.72 H6 12.11 H2  
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We have additionaly applied molecular dynamics (MD) simulations 
of 100 ns at 310 K to evaluate interactions in the pyridoxal complex with 
nonstructural protein 15 (endoribonuclease), which showed the most 
significant docking score within the applied nonstructural proteins. 
Particularly, the complex displayed an RMSD value between 0.160 nm 
and 0.368 nm, which is in the acceptable range (Fig. 11). The RMSF 
value for the same complex is mainly below 3.0 nm with the strongest 
fluctuations observed for the residue positions 37, 265 and 347 (Fig. 11). 
Radius of gyration (Rg) values for this complex form a relatively stable 
profile from 2.313 nm to 2.439 nm (Fig. 11). The SASA profile was 
computed to estimate interaction between the complex of nonstructural 
protein 15 (endoribonuclease) with pyridoxal and solvents. It was found 

that the binding of pyridoxal to nonstructural protein 15 (endor-
ibonuclease) did not decrease the interactions of the target protein with 
the solvent molecules and the stability of the protein (Fig. 11). During 
the 100 ns simulation time, the average SASA was calculated as 179.194 
nm2. It was also observed that the complex forms 1 intermolecular 
hydrogen bond during almost the whole simulation time; 2 intermo-
lecular hydrogen bonds up to about 20 ns, at about 79–82 and 87–92 ns; 
3 intermolecular hydrogen bonds up to about 20 ns and at 98 ns; and 4 
intermolecular hydrogen bonds at about 6–18 ns (Fig. 11). 

Fig. 9. BOILED-Egg model (top-left), the bioavailability radar (the coloured zone of the radar is the suitable physicochemical space for oral bioavailability of 
pyridoxal) within the domain borders of ADME properties, calculated by SwissADME (top-middle), and toxicity results, calculated by ProTox-II (top-right and 
bottom), of pyridoxal. 

Table 7 
Nonlinear optical (NLO) parameters for the ground state of the optimized structure of pyridoxal in water and urea, obtained using the DFT/B3LYP/6–311++G(d,p) 
method. a  

Parameter pyridoxal Urea [72] Parameter pyridoxal Urea [72] 

μx (Debye) 3.9969  βxxx (a.u.) 72.4069  
μy (Debye) − 1.4929  βyyy (a.u.) − 11.5977  
μz (Debye) − 2.0400  βzzz (a.u.) 0.1910  
μD (Debye) 4.7292  βxyy (a.u.) 16.5547  
αxx (a.u.) 195.761  βxxy (a.u.) − 8.8479  
αyy (a.u.) 181.916  βxxz (a.u.) − 7.3672  
αzz (a.u.) 92.229  βxzz (a.u.) − 0.7627  
αxy (a.u.) 2.442  βyzz (a.u.) 8.0279  
αxz (a.u.) − 7.560  βyyz (a.u.) − 0.4773  
αyz (a.u.) 2.803  βxyz (a.u.) 2.8401  
α (a.u.) 156.635  β (a.u.) 89.3970  
α (esu) 23.2134 × 10− 24 3.8312 × 10− 24 β (esu) 0.7723 × 10− 30 0.1947 × 10− 30 

αpyridoxal/αurea 6.1  βpyridoxal/βurea 4.0  
Δα (a.u.) 98.438     
Δα (esu) 14.5885 × 10− 24      

a For α 1 a.u. = 0.1482 × 10− 24 esu, afor β 1 a.u. = 8.6393 × 10− 33 esu. 
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Fig. 10. 2D (left) and 3D (right) views on the interaction of pyridoxal with (from top to bottom) nonstructural protein 15 (endoribonuclease), Omicron (strain 
B.1.1.529) Spike protein and A42R Profilin-like protein from monkeypox (strain Zaire-96-I-16). 

Table 8 
The best poses of pyridoxal inside the binding sites of the listed proteins.  

Protein PDB code Binding energy (kcal/mol) 

Main protease (Mpro) 6LU7 − 4.8(1) 
Papain-like protease (PLpro) 6WUU − 5.7(1) 
Nonstructural protein 3 (nsp3_range 207–379-AMP) 6W6Y − 4.9(1) 
Nonstructural protein 3 (nsp3_range 207–379-MES) 6W6Y − 6.0(0) 
RdRp-RNA 7BV2 − 5.7(0) 
Nonstructural protein 14 (N7-MTase) 5C8S − 5.1(0) 
Nonstructural protein 15 (endoribonuclease) 6WLC ¡6.1(0) 
Nonstructural protein 16 (GTA site) 6WVN − 5.9(0) 
Nonstructural protein 16 (MGP site) 6WVN − 5.1)0) 
Nonstructural protein 16 (SAM site) 6WVN − 5.9(0) 
Spike protein, RBD (native) 6M0J − 5.0(0) 
Spike protein, RBD (mutated) 6M0J − 5.0(0) 
Omicron (strain B.1.1.529) Spike protein 7QO7 ¡6.4(0) 
A42R Profilin-like protein from monkeypox (strain Zaire-96-I-16) 4QWO ¡5.7(1)  
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4. Conclusions 

To sum up, a detailed computational analysis of pyridoxal both 
under water solvation and in gas phase are reported. The structure, 
optical and electronic properties were revealed by the DFT/B3LYP/ 
6–311++G(d,p) calculations. It was established that although the 
optimized structure of pyridoxal adopts almost the same geometry both 
in gas phase and in water, the optimized structure of pyridoxal is 7.62 
kcal/mol more favorable under water solvation conditions. 

The global chemical reactivity descriptors of the optimized structure 
of pyridoxal in water were also calculated, which allowed to reveal its 
electron accepting and donating abilities. Furthermore, the molecule of 
pyridoxal was found to be of potential interest for NLO since its polar-
izability and first-order hyperpolarizability parameters are superior to 
those of urea, which is considered as a reference for comparison of the 
NLO properties of molecules. 

Some biological properties of the title compound were evaluated 
using a set of on-line tools, which revealed that pyridoxal exhibits the 

Table 9 
Parameters of interaction of pyridoxal with nonstructural protein 15 (endoribonuclease), Omicron (strain B.1.1.529) Spike protein and A42R Profilin-like protein from 
monkeypox (strain Zaire-96-I-16).  

Interaction Distance (Å) Bonding Bonding type 

Nonstructural protein 15 (endoribonuclease)–pyridoxal 
A:LYS71:HZ3 - :pyridoxal:O 2.77933 Hydrogen Bond Conventional Hydrogen Bond 
A:ASP297:HN - :pyridoxal:O 2.69781 Hydrogen Bond Conventional Hydrogen Bond 
:pyridoxal:H - A:ASP273:OD1 2.47842 Hydrogen Bond Conventional Hydrogen Bond 
:pyridoxal:H - A:SER274:O 2.47502 Hydrogen Bond Conventional Hydrogen Bond 
:pyridoxal:C - A:SER274:O 3.51838 Hydrogen Bond Carbon Hydrogen Bond 
:pyridoxal:C - A:THR275:O 3.33131 Hydrogen Bond Carbon Hydrogen Bond 
:pyridoxal - A:LYS277 3.91533 Hydrophobic π⋯Alkyl 
Omicron (strain B.1.1.529) Spike protein–pyridoxal 
:pyridoxal:H–C:LEU998:O 2.83317 Hydrogen Bond Conventional Hydrogen Bond 
:pyridoxal:H–C:GLN1002:OE1 2.76388 Hydrogen Bond Conventional Hydrogen Bond 
:pyridoxal:H - A:GLY996:O 2.67708 Hydrogen Bond Conventional Hydrogen Bond 
A:SER1000:CA - :pyridoxal:O 3.58345 Hydrogen Bond Carbon Hydrogen Bond 
C:PHE756 - :pyridoxal 3.86152 Hydrophobic π⋯π Stacked 
A42R Profilin-like protein from monkeypox (strain Zaire-96-I-16)–pyridoxal 
A:ARG115:HE:B - :pyridoxal:O 2.87226 Hydrogen Bond Conventional Hydrogen Bond 
A:ARG122:HH11 - :pyridoxal:O 2.37859 Hydrogen Bond Conventional Hydrogen Bond 
:pyridoxal:H - A:ASP123:OD1 2.16346 Hydrogen Bond Conventional Hydrogen Bond 
B:TYR118 - :pyridoxal 5.44035 Hydrophobic π⋯π T-shaped 
:pyridoxal - B:ARG119 4.68507 Hydrophobic π⋯Alkyl  

Fig. 11. RMSD, RMSF, Rg, SASA and intermolecular hydrogen bonds analysis profles of the nonstructural protein 15 (endoribonuclease)–pyridoxal complex.  
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negative human blood-brain barrier penetration and positive gastroin-
testinal absorption property. Furthermore, the molecule of pyridoxal 
was predicted not to be effluated from the central nervous system by the 
P-glycoprotein. 

According to the molecular docking results it was established that 
pyridoxal is active against all the applied SARS-CoV-2 and monkeypox 
proteins with the best binding affinity with nonstructural protein 15 
(endoribonuclease). The title compound also interacts with Omicron 
Spike protein with even a higher efficiency. Pyridoxal was found to be 
also active against the studied monkeypox protein. Based on molecular 
dynamics simulation data, nonstructural protein 15 (endoribonuclease) 
was revealed to form a stable complex with pyridoxal. 
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[52] BIOVIA, Dassault Systèmes, BIOVIA Discovery Studio, Dassault Systèmes, San 
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